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ABSTRACT • 
The Friedel-Crafts isopropylations of methyl 
2-pyrrolecarboxylate, 2-acetylpyrrole, and 2-pyrrolecarbox-
aldehyde have been investigated. Various Lewis acids were 
employed as catalysts and solvents included carbon disul-
f.ide, ethylene chloride, and nitromethane. The changes in 
product distribution and reaction rate with variations in 
substrate, solvent, catalyst and conditions of reaction 
are discussed. 
Under normal reaction conditions (carbon disulfide 
solvent, aluminum chloride catalyst, 50°0.), the alkylation 
of methyl 2-pyrrolecarboxylate gave the 4-isopropyl, 5-
isopropyl; and 4,5-diisopropyl-2-esters, all of which have 
been isolated and identified. It was found that while 
the 4-isopropyl-2-ester rearranged to the 5-isopropyl-2-
ester under the reaction conditions, neither the latter 
nor the 4,5-diisopropyl-2-ester underwent any change. The 
behaviour of 2-acetylpyrrole under Friedel-Crafts conditions 
was similar to that of the ester but alkylation was more 
complete and occurred predominantly at the 4-position 
giving much less of the other products. Also, the 4-isopropyl 
group did not rearrange as readily as that of the ester. 
In marked contrast to the other substrates, 2-pyrrolecarbox-
aldehyde undert.vent reaction very rapidly to give only the 
4-isopropyl-2-carboxaldehyde which was shown not to rearrange. 
• Some of the present work dealing with the isopropylation 
of methyl 2-pyrrolecarboxylate has been published recently (1). 
Ultraviolet, infrared, and nuclear magnetic res-
onance spectra of the various pyrrole derivatives are dis-
cussed. N. m. r. studies indicate that substantial changes 
in the electron density pattern of the pyrrole ring are 
brought about by donor-acceptor complexing between the 
Lewis acid and the carbonyl oxygen of the substrate mole-
cules. The relative strength of complexing along the series: 
al'dehyde >ketone> ester, is considered to provide a partial 
explanation of the product distributions observed in 
Friedel-Crafts isopropylation. 
Molec~lar orbital calculations of localization 
energies for electrophilic attack on 2-pyrrolecarboxalde-
hyde have been found to account satisfactorily for the 
results which have been observed in nitrationo As well, 
in agreement with experiment, the calculations indicate that 
complexing of the carbonyl oxygen with Lewis acids, as in 
the Friedel-Crafts reaction, should greatly favor sub-
stitution at the 4-position. 
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1. INTRODUCTION 
In 1877 Charles Friedel and James Mason Crafts 
produced amylbenzene from a reaction between amyl chloride 
and benzene in the presence of anhydrous aluminum chloride 
(2). The generality of the reaction and its usefulness as 
a synthetic method rapidly became apparent and the interest 
accorded it by chemists is reflected in the voluminous 
literature covering innumerable aspects of the theory and 
application of the Friedel-Crafts reaction. 
The term 11Friedel-Crafts reaction" is generally 
taken to mean the alkylation or acylation of an aromatic 
hydrocarbon and in this thesis, unless otherwise specified, 
will refer to the former. However, as Olah has pointed 
out (3), broadly speaking, reactions of the Friedel-Crafts 
type include acid catalyzed polymerization, halogenation, 
nitration, dealkylation, disproporti onation, and migration 
and internal rearrangement of alkyl groups among others. 
Electrophilic substitution is the most character-
istic chemical reaction of aromatic compounds. Since the 
Friedel-Crafts reaction is typical of reactj_ons o.f this 
class, there will follow an outline of the nature of aro-
maticity and the theory of electrophilic substitution with 
particular reference to heteroaromatic reactivity. 
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2. ELECTROPHILIC SUBSTITUTION IN HETEROAROMATIC COl~OUNDS 
(i) Aromaticity: 
Historically, a number of physical and chemical 
properties have been associated with aromatic character. 
These have included such vague generalities as the fragrant 
odours of many natural products derivable from benzene and 
its homologues and the smoky flame observed when these com-
pounds are burned. As well there have been the more impor-
tant, but no more definitive, observations that aromatic 
compounds in general, while often resistant to many re-
agents which will normally attack points of unsaturation, 
are fairly readily substituted by electrophiles, and that 
many condensed polycyclic aromatics possess carcinogenic 
activity. Perhaps the most valuable criterion of aromatic 
character lies in the so-called ring current effect (4), 
which arises in the presence of a magnetic field and which 
manifests itself in the low field chemical shifts observed 
in the proton magnetic resonance spectra of aromatic mole-
cules, including the heterocycles discussed in this thesis. 
The earliest important contribution to the problem 
of bonding in aromatic systems was that of Kekule (5) in 
whose dynamic model lay the first explanation of the equi-
valence of the six positions of benzene. Later, the ele-
tronic theory of valence, the fo~rmulationof quantum mech-
anics, and the development of the molecular orbital (m. o." ) 
and valence bond (v.b.) theories led to the well known 
Hucke! representation (6). From the m. o. theory has 
arisen what is called the 114n+2 rule" which states, in 
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effect, that cyclic, fully conjugated systems will have 
aromatic character if they possess 4n +2 71'-electrons. This, 
of course, is directly connected with the idea of the "aro-
matic sextet" and Streitwieser (7) has discussed the matter 
in considerable detail. 
Among the aromatic systems possessing six n-electrons 
are the five membered heterocycles, pyrrole (I), furan (II), 
and thiophene (III), which are isoelectronic with the cyclo-
0 Q Q Q ~ •• •• ·-
I II III IV 
pentadienide ion (IV). In each case the aromatic sextet is 
made up of contributions of one p-electron each from the 
carbon atoms and two p-electrons from the heteroatom. Attention 
will be focussed mainly on pyrrole and its derivatives with 
an electron withdrawing group in the 2-position. 
(ii) Heteroaromatic reactivity: 
The simple five-membered heteroaromatics may be re-
presented as resonance hybrids of structures Y, VIa and VIb 
v VIa VIb 
·x::NH, o, s. 
where V is the major contributor. Of the other two structures, 
VIais the more important as it involves a smaller charge 
separation and hence lower energy than VIb. This simple 
representation suggests that the 7T-electrons of the 
heteroatom are partially delocalized into the ring, thereby 
increasing the electron density at the carbon atoms ·and, 
in particular, making the~-positions the more susceptible 
to electrophilic attack. This is borne out by experiment, 
as for example, the protonation (8), nitration (9, 10) and 
acylation (11) of pyrrole; the acylation of furan (12); and 
the sulphonation, nitration and acylation of thiophene 
(ref.12, page 108), all occur predominantly or exclusively 
at the 2-position. 
Pyrrole, furan, and thiophene derivatives having an 
electron withdrawing (-R) group in the 2-position are still 
fairly reactive to electrophilic attack. In terms of simple 
resonance theory, the orientation in such systems is ex-
pected to be influenced mainly by (a) the~-directing in-
fluence of the heteroatom, and by (b) the "meta" or 4-
directing influence of the 2-substituent through deactiv-
ation of the 3- and 5- positions as illustrated by the v.b. 
structures VII. ,.VIII: @d. IX: for the 2-carbox~ldehyde. It 
is to be expected that the product distribution, reflecting 
the relative importance of these effects, will favour 
OcP < )' +a/o < > w X C 
\H \H \H 
VII V'III IX 
X=NH, O,S. 
4-substi~ution for a strong -R group but give greater 
amounts of the 5-substituted product as weaker -R groups 
5 --- ---------- -
are used. This general trend has been observed by Tirouflet 
and Fournari (10) in the nitration of several 2-substituted 
pyrroles and thiophenes. Bromination of 2-pyrrolecarboxaldehyde 
TABLE I (10) 
Nitration of 2-substituted heterocycles 
2-substituent thiophene 
N02 80 
CHO 75 
CHCH3 52 
CN 43 
COOH 31 
CH(OCOCH3) 2 14 
H 5 
% 4-nitration 
series pyrrole series 
67 
59 
57 
42 
55 
9 
and metbyl 2-pyrrolecarboxylate has been shown to give 
predominantly the 4-bromo derivative (13, 14) while the 
less selective chlorination of methyl 2-pyrrolecarboxylate 
gave approximately equal amounts of the 4- and 5-chloro-
2-esters (14). However bromination of 2-thiophenecarbox-
aldehyde has been reported by Gronowitz (15) to give 
almost exclusively the 5-monobromo product. He has 
attributed this result .to the over-riding ~-directing 
influe:rice of the heteroatom and suggested that in the 
nitration reaction, 4-substitution may have been brought about 
by an enhanced -R effect of the aldehyde group caused by 
protonation of the carbonyl oxygen. 
- 6-
Various theoretical treatments corroborate the 
simple resonance picture for the unsubsti tuted five-membe:L•ed 
heterocycles. For example, m. o,. calculations by Longuet-
Hi~gins and Coulson (16) on pyrrole show the 7f-electron 
density to be higher at the 0-- than at the fl-positions, 
while localization energies calculated by Brown (17, 18) 
predict the predominance of ~-substitution in electrophilic 
attack on pyrrole. However, the literature records no pre-
vious application of the Huckel m. o. method to 2-substituted 
pyrroles. 
(iii) Electrophilic substitution: 
The present outline of the theory of electro-
philic substitution is concerned mainly with nitration; modi-
fications will be introduced later when the mechanism of 
the Friedel-Crafts reaction is discussed in detail. 
Electrophilic substitution is considered to in-
volve two stepsr first, formation of the electrophile, y+, 
and second, reaction of y+ with the aromatic substrate to 
form the products. The second step which probably involves 
~- and 7f-complex intermediates is often represented by 
an analogous reaction scheme and free energy profile to 
that shown here for benzene. 
+0 ~+ y Y+""'- I~ ~-r~ 
x .. XI XII 
7T-complex a--complex 7f-complex 
• For a discussion of the kinetics of electrophilic sub-
stitution reactions see ref. (19). 
- '7 -
T.s. 
------------ reaction coordinate --------~ 
Figure 1. Free energy profile for aromatic substitution 
(ref. 6, page 321). 
It is evident that for such a molecule as pyrrole 
where there are two different positions available for sub-
stitution, there will be two rate determining transition 
states (T. S.) of different energies and that the relative 
amounts of the two possible products will depend on the 
relative rates of reaction at the two positions, i.e. on 
the relative free energies of activation, 6 F=f= • By 
Hammond's postulate (20), the o--complex or Wheland inter-
1nediate, XI, should resemble the T. s. in energy and is, 
therefore, chosen as a model for the T. S. In effect, one 
carbon atom is assumed to take on a tetrahedral configuration, 
thereby being taken out of conjugation with the 1T-electron 
system. 
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By analogy with the foregoing discussion for ben-
zene, electrophilic attack on pyrrole may be represented 
as follows: 
XIII 
XIV 
7f-complex a:,; complexes 7T-complexes 
Thus a computation of the relative free energies of acti-
vation for ~- and ~- attack involves an evaluation of the 
differences in energy between pyrrole and the a--complexes 
XIII and XIV respectively. 
From the postulates of absolute rate theory (20), 
the rate constant, kr' for a reaction is given by the 
expression + 
k = ){ kT e- AF /RT 
r h •• (1) 
where the transmission coefficient,){ , is taken as unity 
and k, T, h, R, and ~F+ have their usual significance. 
If kr( tJ...-) and kr( p-) refer to the rate constants for 
electrophilic substitution at the~- and~- positions of 
pyrrole respectively, then the relative rates of reaction 
are given by equation (2). 
-9-
~F:f: ( ~- ) - 6F=#= (t(-) 
2.303 RT 
•• (2) 
And if the product distribution is kinetically controlled, 
the relative percentages of products may be substituted 
for the rate constants giving equation (3). 
Since 
AF~ = AH+ -TAs* 
therefore log ( .%ot- )= AH=t=(,-) -AH:f («-) ~ 2.303 RT 
+ A s 'f ( ~- ) - A s "'f= C P-~-
2.303 RT 
..(3) 
•• (4) 
•• (5) 
It is now assumed that the entropy of activation 
is independent of the nature of the substrate thus making 
the last term in equation (5) vanish, and that the enthalpy 
of activation for reaction at a particular site is equi-
valent to the difference in1T-electron energy between the 
ground state and the appropriate transition state (i.e. 
Wheland intermediate). 
Equation (5) then becomes 
. 
log ( % ot-) -%~- - flEw( p- ) - t1E7r ( c(- ) 2.303 RT •• (6) 
This equation should enable a prediction of the relative 
amounts of products from a theoretical calculation of local-
ization energies. 
The foregoing assumptions, while plausible, can-
not be accepted without reservation. For example, it is 
evident that the method requires a correlation between 
emperimental results measured at a finite temperature in 
- 10 -
solution using quantities calculated for a ground state 
and transition state models at 0°K in the gas phase. That 
is, translations, rotations, and vibrations of the mole-
cules are neglected as well as possible differences in 
solvation of the two transition states. The main justi-
fication for the application of the method in this form 
lies in the useful correlations between theory and experi-
ment found by several authors (see, for example, ref. (7), 
Chapter 11). Not too much significance should be attached 
to small differences. 
3· FRIEDEL-CRAFTS ALKYLATION 
(i) General considerations: 
The Friedel-Crafts reaction is considered to occur 
by way of a carbonium ion mechanism. Brown (22) has sug-
gested that donor-acceptor complexing between an alkyl 
halide and a Lewis acid leads to formation of a polarized 
complex in an equilibrium with the corresponding ion pair 
which is dependent on the stability of the carbonium ion and 
the reaction conditions: 
&+ &-
R-Cl + A1Cl3 = R •••• Cl •••• A1Cl3 = R+A1Cl4 
The complex may then be attacked by available nucleophilic 
positions of the aromatic substrate. Olah (23) has proposed 
a similar mechanism for isopropylations in nitromethane sol-
ution but noted the possibility of simultaneous reaction of 
the complexed alkyl halide and of the ion pair with the aro-
matic substrate at different rates and selectivities. These 
descriptions are consistent with the third order kinetics ob-
served for alkylations, the rate of reaction being proport-
ional to the concentrations of aromatic, alkyl halide and 
catalyst (22, 24). 
Although "anhydrous" conditions are usually specified 
for Friedel-Crafts reactions, it is recognized that total 
exclusion of moisture is a virtual impossibility. Indee·d 
it has been found that water, in trace amounts, promotes 
rather than hinders reactions of the Friedel-Crafts type (e.g. 
25, 26, 27,28, 29). Nenitzescu (25) considers the active 
species in the isomerization of saturated hydrocarbons with 
water promoted aluminum chloride to be H(AlC13oH); however, 
- 12 -
the precise mode of interaction of such co-catalysts 
with alkyl halides and aromatic substrates has not been 
clearly established. 
A great many Lewis acids have been employed as 
Friedel-Crafts catalysts, a general order of catalytic acti-
vity for some commonly used reagents being as follows (30): 
A1Br3 > A1Cl3 >Gacl3 ) Fec13 > TiC14 
However, the relative effectiveness of the various cata-
lysts is very much dependent on the reaction conditions as 
discussed by Olah (30). The most common catalyst, aluminum 
chloride, is not particularly soluble in many organic sol-
vents and thus .often gives heterogeneous reaction mixtures. 
Aluminum bromide, while a stronger acid, is also much more 
soluble than aluminum chloride and often proves to be a much 
better catalyst. Nitroalkane solutions are sometimes used, 
giving milder, and homogeneous, reaction conditions with little 
isomerization. Carbon disulfide has been claimed to pre-
vent isomerization (31) although quite the contrary has been 
observed in the present work (c.f. page40). Other solvents 
are chlorobenzene, ethylene. chloride, and methylene chloride, 
as well as an excess of the aromatic hydrocarbon. 
Formation of viscous "red oils" is characteristic of 
Friedel-Crafts reactions. These are believed to consist 
of ternary complexes of the form [A!H2J+[AlC14 J- where the 
proton is cr-. bonded to the ring (32) •. The complexed alum-
inum chloride is not catalytically active but the ioni.c "red 
oil 11 can dissolve substantial quantities of uncomplexed cata-
lyst and thus provide a highly polar medium for reaction. 
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The usual considerations regarding directing effects 
of substituent groups predict ortho-p~ attack for alkyl-
ation of monoalkylbenzenes. However, in addition to the 
expected products, large amounts of the meta-isomers have been 
observed (33). The formation of this product is favoured 
by vigorous reaction conditions. For example, reactions 
catalyzed by aluminum chloride (particularly with molar or 
larger amounts of catalyst) carried out over long reaction 
times and at high temperatures lead to extensive meta-
dialkylation. 
Brown (34, 35) has attributed the relatively high 
proportion of meta-isomer found in the alkylation of mono-
alkylbenzenes under "non-isomerizing" conditions,to the 
high reactivity and consequential low (positional and sub-
strate) selectivity of the electrophilic reagent. Olah 
(23, 36) has criticized the Brown treatment on a number of 
points. It is well known that isomerization and dispropor-
tionation often accompany alkylation reactions leading to 
increased amounts of the ~-isomer in the final product 
distribution (37, 38, 39)' Olah considers that weakly basic 
solvents cannot provide non-isomerizing conditions. It is 
clear that if the product distribution is thermodynamically 
controlled (as in cases where extensive isomerization and 
disproportionation occur), selectivity data will be meaning-
less. Furthermore, it is difficult to understand why a meta-
position in toluene should have a partial rate factor less 
than that for a benzene position by as much as a factor of 
ten (ref. 30, page 920). 
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(ii) Mechanism: 
The question of the location of the rate determin-
ing transition state on the free-energy profile has been 
discussed by Olah (23) in the light of studies made on the 
isopropylation of toluene under "non-isomerizing" conditions 
using as cataly$t the aluminum chloride-nitromethane complex. 
It is considered that for strong electrophiles the rate 
determining (and substrate selectivity determining) trans-
ition state resembles an oriented 1T-complex (Figure 2), 
contrary to the usual representation (Figure 3) wherein the 
substrate selectivity is determined by the rate determining 
01-complex type transition state. In both cases the posi-
tional selectivity must be determined by a · transition state 
resembling the appropriate Wheland intermediate. Olah con-
siders the representation of Figure 3 to be more appropriate 
to electrophilic attack by weak reagents, in which case 
1\-complex formation is expected to be a low energy process. 
No doubt the free energy profile will change with the nature 
of the reagents, and the precise formulation of the rate 
determining transition' state will be very much a function of 
the particular reaction. The representation of Figure 2 in 
which the substrate and positional selectivities are deter-
mined separately allows explanation of the observed low sub-
strate but high positional selectivity in the isopropylation 
(23) and benzylation (35) of toluene under "non-isomerizing" 
conditions, as well as the low partial rate factor for a 
toluene ~-position. 
' 
- 15-
F . 
o-, p-, 
a--complex 
----~reaction coordinate ~ 
Figure 2. Free energy profile for aromatic 
substitution with strong electrophiles-
~-complex type T. S. rate determining (23). 
F 
t:r-complex 
rr-complex 
-- reaction coordinate )oo 
Figure 3· Free energy profile for aromatic 
substitution with weak electrophiles-
~-complex type T. s. rate determining (23). 
Olah (23) has discussed Brown's views regarding the 
nature of the transition state and orientation in the pro-
. ducts of alkylation. Brown considers that the migration of 
a Ci-complexed group prior to deprotonation should not be 
regarded as an isomerization of products. However, Olah 
points out that even in such a case the migration is still 
thermodynamically influenced. Kinetically controlled alkyl-
ation may occur as well, but the relative quantities of meta-
isomer formed through direct alkylation and through isomer-
ization cannot be accurately estimated. 
It should be noted that migration prior to depro-
tonation is essentially the same process as the isomer-
ization which may occur in the presence of aluminum chloride 
and hydrogen chloride. In the latter case protonation at the 
ring carbon bearing the alkyl group gives the same ~-complex 
as formed by alkylation. Xylenes have been shown to isomerize 
by an intramolecular 1,2-shift mechanism with no dispro-
portionation (40). Allen et al~ have found that for ethyl 
and isopropyl groups intermolecular migration is of some 
importance (41, 42), while for t-butyl groups the inter-
molecular process is dominant (43). Studies by Olah et al. 
on the rearrangement of the diethylbenzenes (28), diisopro-
pylbenzenes (29), and t-butyltoluenes (27) in nitromethane 
with water-promoted aluminum chloride as catalyst indicate that 
~he ethyl and isopropyl groups isomerize via the intra-
molecular 1,2-shift mechanism, the t-butyl group via detach-
ment as a . carbonium ion, or more likely, via a 7f-type inter-
mediate. 
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In the donor solvent, nitromethane, complex form-
ation with the catalyst and conjugate acid is considered to 
deactivate the latter for ring protonation (o--complex for-
mation) thus precluding isomerization. Olah has demonstrated 
this point by means of an attempted isomerization of a syn-
thetic mixture of alkyl ben~enes (23). However, a question 
might well be raised regarding the possibility of isomeriz-
ation before deprotonation even under "non-isomerizing" 
conditions. This possibility is just as applicable to Olah's 
systems as to Brown's. Although Olah has shown alkylations 
in nitromethane to be more selective than reactions in 
non-basic solvents, the extent of thermodynamically control-
led isomerization occurring before deprotonation cannot be 
estimated and such isomerization cannot be distinguished 
from kinetically controlled direct ~ substitution. Thus, 
the positional selectivity of the Friedel-Crafts reaction 
may be, in fact, much higher than present results seem to 
indicate, but how much higher has not yet been determined. 
(iii) Alkylation of deactivated substrates: 
Campbell and Spaeth (44) have investigated the iso-
propylation of acetophenone, methyl benzoate and benzoic 
acid, observing that although the yields were low, the pro-
ducts were largely or entirely composed of the meta-isomer. 
The selectivity shown in these cases is much greater than in 
the nitration of such compounds where from 10 - 30 % of 
the ortho- plus ~~ isomers is usually produced (45). 
This has been attributed to complexing of the car bonyl 
oxygen by the catalyst thereby greatly enhancing the electron 
withdrawing character of the substituent group. Such com-
---------·--------~-----------·---
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plexing of carbonyl compounds with Lewis acids is well 
established (46, 47). 
Several thiophene and furan derivatives possessing 
a -R group in the 2-position have been alkylated in fair to 
good yield (48, 49, 50, 51) with alkyl halides and aluminum 
chloride, but there has been no previous study of the alkyl-
ation of pyrrole or any of its simple derivatives. Iso-
propylation of methyl 2-furoate and similar compounds was 
found by Gilman and Calloway (48) to produce only the 5-
isomer while in the isopropylation of furfural the only pro-
duct isolated was the 4-isomer in low yield (53). Spaeth 
and Germain (51) observed in the isopropylation of methyl 
2-thienyl ketone that more than 90% of the product was the 
4-isopropyl derivative in contrast to nitration (10) where 
approximately equal amounts of the 4- and 5-isomers were 
obtained. 
Some of the foregoing results agree with the pre-
dictions of simple resonance theory: that in five-membered 
heterocycles the -R effect of the 2-substituent enhanced 
by complexing with the catalyst should lead to attack at 
the 4-position; but the results of Gilman et al.on the furan 
systems wherein alkylation gave only the 5-isomer are clearly 
anomalous. 
- 19 -
4. MOLECULAR ORBITAL CALCULATIONS 
(i) General theory: 
• In the molecular orbital (m.o.) method the 
aromatic 1\-electrons are assumed to occupy polycentric 
m.o.•s, each m.o. being represented as a linear combination 
of atomic orbitals (a.o.•s): 
n 
4Jj = Z cjrcp r •• (7) 
r=l 
where <J)j is the jth m.o., (/)r is the carbon 2p a.o., and 
crj is the coefficient of the rth a.o. in the jth m.o. 
The energy of each m.o. is found by applying the usual vari-
ation treatment to the Schrodinger equation in the form 
H(/J = E(j} •• {8) 
where His the - Hamiltonian operator and E is the energy of 
the m.o. Since for a conjugated system of n atoms there 
will ben a.o.•s and since the energy of the system is 
minimized with respect to each coefficient, there will re-
sult from the variation treatment, n secular equations of 
the form 
where 
and 
Z cr(Hrs-ESrs)=O 
r 
Hrs= 'PrH C!sd 
8rs= (/)rH cpsd 
•• (9) 
These equations have a non-trivial solution only if the 
corresponding secular determinant ·equals zero, i.e. 
• Extensive treatments of the m.o. method are available 
in the literature; see, for example, references (7) and (54). 
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Hll - ESll Hl2 - ES12 • • • • • Hln - ESln 
H21 - ES21 H22 - ES22" • • • • .H2n - ES2n 
= 0 
• • • • • • • • • • • • • • • • • • • • • • 
Hnl - ESnl Hn2 - ESn2 • • • • • Hnn - ESnn 
..(10) 
The Coulomb integral, ~=Hrr' gives the energy of 
an electron in a carbon 2p orbital, while the resonance 
integral, ~ =H =H , is a measure of the interaction energy ~ rs sr . 
between two atomic orbitals; g3 is usually taken to be zero 
for nonadjacent orbitals. From the definition of the over-
lap integral, Srs' it is evident that for separately nor-
malized a.o.•s, Srr=Sss=l• Also, the assumption is usually 
made that Srs=O for rfs,which while not strictly correct 
greatly simplifies the problem. 
The foregoing substitutions are made and then the 
determinant is further simplified by dividing through by 
p and putting 
X = o( -E •• (11) 
~ 
Corresponding to this determinant is an nth degree poly-
nomial having n real roots, xj' whence the energies of 
the m.o.•s are given by 
•• (12) 
The m.o.'s are represented as energy levels di splaced 
above and below ~as an arbitrary zero of energy as shown 
in Figure 4 for pyrrole. 
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Figure 4: Molecular orbitals of pyrrole (h=2.0, h'=O.O). 
, Since ~is negative, negative values of the roots give 
energy levels displaced below the energy zero, i.e. the 
bonding m.o.'s, while the positive roots give energy levels 
corresponding to the antibonding m.o.•s. The total 
~-energy of the system is taken as the sum of the energies 
of the electrons occupying m.o.'s. 
It should be emphasized that"" and ~ are empirical 
parameters in the theory. The integrals they represent 
are not usually evaluated although a value might be assigned 
depending on the particular application. 
------ ------- -- ----
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In setting up the secular determinant for pyrrole 
the same general method is employed but modifications are 
made to compensate for the pres·ence of the nitrogen atom. 
Since nitrogen is more electronegative than carbon the 
appropriate Coulomb integral is made more negative by 
expressing it in the form 
•• ( 13) 
where the inductive parameter, h, is usually assigned 
values in the range 0 to 2. Also, the carbon atoms ad-
jacent to the nitrogen are considered to be more electro-
negative than the carbon atoms in benzene, so the appro-
priate Coulomb integral is written 
ot Q I = o<. + hI • • (14) 
where h', the auxiliary inductive parameter, is given 
values in the range 0 to 0.25. In 2-pyrrolecarboxaldehyde 
the inductive parameters 1 and 1' are used to modify the 
Coulomb integrals for the oxygen and its adjacent carbon 
atom by analogy with hand h'. The resonance integrals for 
the CN and CO bonds, ~ ON and I 00 , are considered to be 
unchanged relative to p co· 
(ii) Application to electrophilic substitution in pyrrole: 
The best approach to the problem of orientation in 
substitution reactions would be to carry out an exact 
quantum mechanical calculation of the energy differences 
between the ground state and the various transition states. 
An exact calculation is not possible, but approximate methods 
have been used with much success. By choosing the appro-
priate Wheland intermediate as a model for the transition 
state and applying the m.o. theory as outlined in the 
·previous section, one can readily calculate the difference 
--------------=---'2")"5~-::------ -·--·-
in ~-energy between the ground state and the transition 
state, i.e. the localization energy. 
~e ~a simple m.o. treatment has been applied to pyrrole 
by Brown (17,18) in order to calculate ~-electron densities 
and localization energies for electrophilic, radical and 
nucleophilic substitution. Brown (17) found that the local-
ization energies, but not the ~-electron densities, pre-
dicted the orientation observed experimentally. It was 
later found that using the values h=2, h'=O.l9 would bring 
the ~electron densities into line with the localization 
energies and the observed orientation (18). 
In the present work Brown's original calculation of 
localization energies was repeated using the parameters 
h'=O.OO and a range of h from -1.0 to +2.0•. The local-
ization energies are plotted as a function of h in Figure 5. 
Further plots of localization energies ~ h for 
electrophilic substitution are given in Figures 6, 7 and 8 
for h' equal to 0.00, 0.20, and 0.25 respectively wherein h 
is varied from 0.0 to 2.0 in intervals of 0.2. For h'=O.OO 
~-substitution is predicted ·over the whole range of h, 
while for h' =0. 20 or 0. 25 p.substi tu tion is favoured for 
values of h up to 1.53 and 1.78 respectively, at which points 
the fA- and p- curves cross. In the last two cases much 
larger values of h are required to bring about agreement 
with experiment than where no auxillar,y inductive par~eter 
is used. For the present purposes only Figure 6 is considered. 
* All secular determinants, corresponding polynomial·equa-
tions, roots, ~alues, and localization energies are given 
in Appendix 2. The roots of the polynomials were evaluated 
on an I. B. M. 1620 computer using programs prepared by Dr. 
M. Lal of the .L"lathematics Department of Memorial University. 
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Figure 5. Localization energies (A E7r) :for pyrrole. 
e = electrophilic; r = radical; n= nucleophilic. 
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electrophilic substitution in pyrrole. 
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Figure 8. Localization energies for electrophilic substitution 
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From Equation (6),previously derived from absolute 
rate theory,it is clear that in the nitration, say, of pyrrole, 
the product ratio will be determined by the difference in 
the localization energies (i.e. AAElT) for substitution at 
the c:t- and ~- positions. If the product ratio and~ are 
known, 6~E7J' is easily determined and from a plot of .:1 E7r vs h 
(Figure 6) one can obtain a value of h corresponding to the 
calculated energy separation, A A E7r. 
A value for P was obtained (Appendix 1) from a cor-
relation between partial rate factors for nitration and cor-
responding localization energies for several aromatic hydro-
carbons. The calculated value, {J =-9.78 k.cal./mole, bears 
no relation to f; • s calculated by other means; it is used here 
simply because the present application is the same as the 
source from which it was derived. 
Substituting in Equation (6) the product ratio found 
by Tirouflet and Fournari (10) in the nitration of pyrrole · 
at 40° gives 
~.6.E71' = 2.303 x 1.987 x 313 log (~) k.cal/mole 
1000 91 
or 41AEt= -1.44- k. ca1/mo1e 
Since ~~Ell' = mp, 
-l.44- 0 240 therefore m = = • 
-9-78 
From Figure 6 it is readily found that the energy 
separation of 0.240 p corresponds to h=l.28. Thus the choice 
of the Coulomb inductive parameter has been put on an 
experimental basis. 
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if the theory is refined to include a finite aux-
illiary inductive parameter, one may find further v~lues of 
hand h' that will give agreement with experiment (i.e. an 
energy separation 0.240f ) from such correlations as shown 
in Figures 7 and 8. It is evident that:inthese cases h will 
be substantially greater than the value derived above. 
(iii) Electrophilic substitution in 2-pyrrolecarboxaldeh.yde 
The problem of electrophilic substitution in 2-pyrrole-
carboxaldehyde was approached in the same way as the pyrrole 
problem of the previous section. The ·secular determinants 
for 2-pyrrolecarboxaldehyde and -the Wheland intermediate~ 
corresponding to electrophilic substitution at the 3-, 4-, 
and 5- positions were set up and solved as shown in Appendix 
2. T.he Coulomb inductive parameters used for the nitrogen 
were h'=O.OO, h=l.28 as determined previously. The auxi-
lliary inductive parameter for the aldehyde carbon, 1' was 
fixed first at 0.00 and then at 0.20 as 1, the Coulomb inductive 
parameter for the oxygen, was varied from 0.00 to 4.0 in 
intervals of 1.0. The localization energies so determined 
are plotted as a function of 1 in Figures 9 and 10. 
At 1=0, 1'=0 (Figure 9), where the system corres-
ponds to 2-vinylpyrrole, 5-substitution is greatly favoured 
over attack at the 3- and 4- positions. However, as 1 
increases, the localization energies for the 3- and 5- pos-
itions increase much more rapidly than A En-( 4-), making the 
4-positions the preferred site of attack for all values of 
1 greater thano~. Nitration of 2-pyrrolecarboxaldehyde 
gives 59% of the 4- and 41% of the 5-isomer (10) corres-
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Figure 9. Localization energies for electrophilic substit-
ution in 2-pyrrolecarboxa1dehyde. 6E7r vs 1 for 1' = 0.00 
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Figure 10. Localization energies for electrophilic sub- . 
sti tu tion in 2-pyrro1e carboxaldehyde • .AE7r vs 1 for 1' = 0. 20 
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ponding to £\.!\E7r (4-, 5-) = 0.0231 = 0.226 k.cal/mole and 
a Coulomb inductive parameter 1=1.14 for the carbonyl 
oxygen. 
As 1 increases further the energy separation rapidly 
becomes much greater; for example 1=2 corresponds to a 
4-/5- ratio of 12:1. Enhancing the electronegativity of 
the oxygen by increasing 1 approximates the situation in 
the Friedel-Crafts reaction where the carbonyl group is com-
plexed with the Lewis acid catalyst. Thus it is reason-
able to expect a greatly increased proportion of the 4-sub-
stituted compound from Friedel-Crafts alkylation relative to 
that found, for example, in nitration where the carbonyl 
• remains uncomplexed • It is not possible to give quantitative 
expression to this prediction in the present treatment (e.g. I 
for the Friedel-Crafts reaction probably differs substant-
ially from the value for nitration) but the trend is obvious 
and in agreement with predictions from simple resonance 
theory as well as experiment (page 4; 50). It should be 
noted that the curve (in Figure 9) for 3-substitution 
crosses that for 5-substitution at 1=2.2, but at this point 
>95% 4-substitution i .s predicted. 
From Figures 9 and 10 it is seen that the local-
ization energies for attack at the 3- and 4- positions a re 
insensitive to the value of 1' in contrast to ~E 1T ( 5-) ~ 
' 0 
However from both figures the s ame general conclusions may 
be drawn. 
-. It has not been established whether proto~atio~ of the ea7-
bonyloxygen occurs under the conditions o~ n1trat1on (sulfur1c 
acid madium). Nitration in acetic anhy~r1de occurs .on.the.eor-
responding diacetate (10) giving predom1nantly 5-subst1tut1on. , 
----------------...,.3~1-----···-····--·-- -·----·-- ...... . 
5. ISOPROPYLATION OF 2-SUBSTITUTED PYRROLE DERIVATIVES. 
(i) Preparations, procedures and product identification: 
The pyrrole derivatives chosen as substrates for 
the Friedel-Crafts reactions were methyl 2-pyrrolecarboxylate, 
2-pyrrolecarboxaldehyde and 2-acetylpyrrole. 
Methyl 2-pyrrolecarboxylate was prepared by the 
action of methyl chloroformate on pyrrylmagnesium bromide 
in a modification of the method of Maxim et al. (55). In 
addition to a small amount of methyl 1-pyrrolecarboxylate 
(56), two other higher boiling by-products were isolated. 
One of these was shown by its infrared and nuclear magnetic 
resonance (n. m. r.) spectra and mixed melting point to be 
methyl 1,2-pyrroledicarboxylate recently reported by Hodge 
and Rickards (57). The _other was identified as methyl 
1,3-pyrroledicarboxylate by mild base hydrolysis and partial 
decarboxylation to the known 3-pyrrolecarboxylic acid (58). 
The infrared spectrum of this acid was identical to that 
of an authentic specimen and the mixed melting point was not 
depressed. The n. m. r. spectrum of the 1,3-diester was in 
agreement with the assigned structure; the infrared spectrum 
had carbonyl adsorptions at 1720 cm-l and 1760 cm-1 , the 
peak at higher frequency corresponding to the N-ester car-
bonyl which appears at 1765 cm-1 in methyl 1-pyrrolecarboxy-
late. 
2-Acetylpyrrole was prepared by the : reac.tion ·or· acetic 
anhydride with pyrr,ylmagnesium bromide as described by 
Oddo and Dainotti (11) and 2-pyrrolecarboxaldehyde by a 
Vilsmeier synthesis (59). 
The action of isopropyl chloride on pyrrylmagnesium 
bromide produced the known mixture of 2- and 3-isopropyl- ~ 
pyrro1e (60). Repeated fractionation gave a sample of ~ 
_ _ _ _ ____ ........,_ .,~-.. L-~"'"~' .. fli> •• ~·,:,.:,ij)j~(~;;;z~~"P"'' 
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2-isopropylpyrrole >95% pure as determined by gas-liquid 
partition chromatography. After conversion of this com-
pound to the corresponding Grignard reagent, reaction with 
methyl chloroformate produced a moderate yield of the de-
sired methyl 5-isopropyl-2-pyrrolecarboxylate. The 
n. m. r. spectrum was in agreement with the assigned 
structure. 
The Friedel-Orafts alkylation reactions were carried 
out in carbon disulfide, ethylene chloride or nitromethane 
using anhydrous aluminum chloride, aluminum bromide, gal-
lium chloride, ferric chloride, and titanium tetrachloride 
as catalysts. Analyses of all reaction mixtures were done 
by gas-liquid partition chromatography. Standardization 
against a series of mixtures of known proportions showed 
that this method gave results accurate to about ~~ when 
peak areas were determi~ed by triangulation. The instrument 
used was a Beckman GG-2A Gas Chromatograph equipped with a 
Beckman column of carbowax 4000 dioleate on firebrick, oper-
ating at 190°0, and using helium as the carrier gas". · 
Throughout the experiments no special purification 
of starting materials was -'undertaken except for the 2-
substituted pyrrole ·substrates which were not used until 
the gas chromatographic patterns showed only a single peak. 
The solvents and isopropyl chloride were stored over 
molecular sieves; the catalysts were kept in a desiccator 
but no particular care was used in handling them beyond 
that which ordinary use demands. Some trial experiments 
with the ester and aldehyde showed that small quantities 
of water (0.1 - 0.2 ml) added to the reaction mixture 
had l i ttle effect on the product ratios. However, 
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in a series of experiments with the ester where extra 
precautions were used to exclude all atmospheric moisture 
the extent of reaction was greatly decreased for the same 
time interval. In the main the alkylations were repeat-
able and gas chromatography gave consistent results except 
for some short ·time alkylations (particularly of the ester 
and the ketone). At least for the ester and the ketone, 
little destruction of the heterocyclic ring occurred during 
reaction as shown by the high percentage recovery of start-
ing materials and products. 
Column chromatography on alumina of reaction pro-
ducts from the isopropylation of methyl 2-pyrrolecarboxyl-
ate gave some unreacted starting material as well as 
three other compounds. One of the products was identified 
as the known 4-isopropyl-2-ester (61) by its melting point, 
by the n. m. r. spectrum, and by the melting point of the 
corresponding acid. Another product was shown by n. m. r. 
and elemental analysis to posseDs two isopropyl groups and 
to be the 4, 5-diisopropyl -derivative. The third product 
was proven to be methyl 5-isopropyl-2-pyrrolecarboxylate 
by mixed melting point and comparison of its infrared 
spectrum with that of an authentic specimen prepared as 
described above. 
When the 2-isopropylpyrrole used to prepare methyl-
5-isopropyl-2-pyrrolecarboxylate contained more than a 
small amount of 3-isopropylpyrrole, then in the gas chromato-
graphic pattern of the Grignard reaction product two addi-
tional peaks were observed. One of these corresponded tc) .the 
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4-isopropyl-2-ester and the other had the same retention 
time as an unknown trace peak which appeared in the chro-
' matogram of the reaction products from the isopropylation 
of the ester. The latter would thus appear to be methyl 
3-isopropyl-2-pyrrolecarboxylate, the other possible mono-
isopropylation product. Miyazaki et al. (62) found that 
another Grignard synthesis from 3-isopropylpyrrole gave 
both 2- and 5-substitution. The amount of 3-substitution 
in the alkylation reactions was · never greater and usually 
much less than 5%, and has been ignored in calculation.s 
of the product ratios. It has not been possible to isolate 
this substance in a pure state. 
Further Friedel-Crafts isopropylation of the proven 
4- and 5- isopropyl-2-esters produced the same diisopropyl-
2-ester obtained in the original alkylation and the n.m.r. 
spectrum was in agreement with the assigned structure. 
Brominati.on of the 2-ester has been shown to preduce the 
4,5-dibromo-2-ester (63). Thus, there appears to be no 
reason to doubt the assignment of the two isopropyl-
groups to the 4- and 5-positions. 
Isopropylation of 2-pyrrolecarboxaldehyde gave only 
the 4-isopropyl derivative which was purified by steam dis-
tillation and crystallization from pentane. The n.m.r. 
spectrum and elemental analysis were in agreement with the 
assigned structure and oxidation with silver oxide pro-
duced the known 4-isopropyl-2-pyrrolecarboxylic acid (61). 
Isopropylation of 2-acetylpyrrole gave three products, 
two of which were isolated by column chromatography on 
alumina and identified by their elemental analyses and 
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n.m.r. spectra by analogy with previous results. These 
were the 4-isopropyl- and 4,5-diisopropyl-2-pyrryl methyl 
ketones. The third product, by analogy with the corres-
ponding ester, was assumed to be the 5-isopropyl derivative. 
Reaction of acetic anhydride with the Grignard reagent of 
a mixture of isopropylpyrroles,of which more than 80% was 
the 2-isomer,gave as the major product a compound having 
the same retention time on the gas chromatograph as the 
supposed 5-isopropyl-2-pyrryl methyl ketone. 
(ii) Results: 
An investigation was undertaken of the effect of sub-
stituent, catalyst, solvent, and time on the rate of re-
action and product distribution. The results of these 
experiments are detailed in Table II. We consider first the 
alkylations carried out in carbon disulfide with the normal 
0.012 mole of catalyst per 0.01 mole of substrate. 
In the aluminum chloride catalyzed isopropylation of 
methyl 2-pyrrolecarboxylate the observed behaviour was 
that roughly equal amounts of 4- and 5-isopropyl-2-ester 
were formed along with a small amount of diisopropyl-2-
ester until about one hour had elapsed. The amount of both 
4-isopropyl and of 4,5-diisopropyl-2-ester rose more rapidly 
during the second hour while the amount of 5-isopropyl-2-
ester remained almost unchanged. The reaction was then 
nearly complete and not a great deal of change occurred 
during the next sixteen hours. The reacti·on mixture was 
largely heterogeneous at least in the initial stages. 
After about one hour the deposition of some yellow semi-
solid material on the bottom of the reaction vessel was 
I 
! 
I' 
!· 
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observed. With larger amounts of catalyst a yellow oil 
separated. Aluminum bromide appeared to be a somewhat 
better catalyst while gallium chloride gave 94% conversion 
with, relatively speaking, very little of the 5-isopropyl 
and 4, 5-diisopropyl-2-esters. Aluminum bromide and gal-
lium bromide are both soluble in carbon disulfide and oil 
formation occurred more quickly with these catalysts than 
with the aluminum chloride. Less than 2% reaction occurred 
with ferric chloride while with titanium tetrachloride 
no reaction occurred at all over a period of 18 hours at 
the boiling point of carbon disulfide. 
Under similar conditions the 2-aldehyde proved to 
be very much more reactive, giving in less than an hour 
about 80% of the 4-isopropyl derivative (no other products) 
with the aluminum and gallium halides. Sixty percent 
conversion occurred with ferric chloride, and again none 
at all with titanium tetrachloride. The reagents, in these 
reactions, .formed a red oil in the bottom of the flask 
immediately upon mixing and reaction appeared to occur 
• 
mainly in this phase. 
Both aluminum chloride and aluminum bromide were 
quite effective in catalyzing the isopropylation of the 
2-ketone, which while less reactive than the aldepyde 
was much more reactive than the ester. The main product 
was the 4-isopropyl-2-ketone but small amounts of the 
5-isopropyl and 4,5-diisopropyl derivatives were observed 
in the product mixtures. As before, a red oil formed as 
the reaction pragressed. 
*separate examination of the "red oi l 11 and solvent phases 
revealed a higher proportion of product in the"red oil" 
than in the solvent. This was true f or reactions of the 
ester and ketone a s well as the a ldehyde. 
--------~~~~-=~~_.. 
TABLE II 
Isopropylation of 2-substituted pyrrole derivatives (at 50°) 
2•Substituent Catalyst 
(moles) 
-coacH, AlC1?( .012) 
It II 
It II 
II II 
II It 
II II 
II A1Br3(.012) 
II II 
" 
II 
II Gao1,(.0l2) 
II Fecl3(.012) 
II TiC14(.012) 
II AlC13(.020) 
II II ( .012) 
" 
II ( .024) 
Solvent 
cs2 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
CH3No2 
c2H4Cl2 
cs2 
Time 
(min.) 
15 
?0 
60 
90 
120 
1080 
60 
120 
1080 
60 
1080 
1080 
1080 
60 
1080 
Conversion 
· (mole %) 
5·7 
15.5 
24.8 
47.? 
53.1 
61~8 
64.3 
67·.8 
77.1 
94-3 
<2 
0.0 
16.3 
86.8 
78.0 
Product distribution (mole %). 
4,5-diiso-
4-isopropyl- 5-isopropyl- propyl-
4.? trace 1.4 \)' 
' 6.9 7.0 1.6 
11.6 10.1 ?.2 
29.0 10.6 7·7 
32.4 9-7 11.0 
34.6 11.6 15.6 
47.2 7·3 9.8 
46.3 11.7 9-7 
51.9 17.3 7.8 
80.4 9.2 4.8 
trace trace 
trace 12.2 4.1 
62.4 8.8 15.7 
8.o 70.0 trace I 1 
TABLE II (cont 1d) 
Isopropylation of 2-substituted pyrrole derivatives (at 50°) 
2-Substituent Catalyst 
(moles) 
-CHO A1Cl3(.012) 
It II 
II II 
" " 
It II 
tl 
" 
It A1Br3(.012) 
II II 
II 
" 
u II 
II II 
II II 
II · GaC13(.012) 
It FeC13(.012) 
t.J 
Solvent 
cs2 
II 
II 
" 
tl 
" 
II 
" 
" 
II 
" 
II 
u 
II 
Time 
(min.) 
1 
5 
15 
30 
60 
120 
1 
5 
15 
30 
60 
120 
60 
60 
Product distribution (mole %) 
Conversion 
(mole %) 4-isopropyl- 4,5-diiso-5-isopropyl- propyl-
12.1 12.1 
51.3 51.5 
77-'+ 77.4 
80.3 80.3 
81.8 81.8 
83.6 83.6 
22.7 22.7 
50.7 50.7 
74.1 74.1 
77-2 77.2 
83.2 8 3 .2 
83.8 83.8 
73-2 73 ,. 2 trace tra ce 
4-6.9 46.9 
!. 
TABLE II (cont 1d) 
Isopropylation ·of 2-substituted pyrrole derivatives (at 50°) 
product distribution (mole %~:: 
2-Substituent Catalyst Solvent Time Conversion 4 ,5-diiso (moles) (min.) (mole %) 4-isopropyl 5-isopropy1 propyl l 
! 
-CHO FeC13( .012) OS' 120 52-2 52.2 
\.)-
-
\! 2 
11 Fe013 ( .012) II 1080. 59.2 59.2 
" TiC14(.012) " 1080 o.o 
II A1Cl3( .020) CH3No2 1080 0 trace 
II AlC13(.012) 02H4012 60 45.6 45.6 
II II 
" 
120 55.8 55.8 
" 
It ( .. 024) cs2 120 89.1 89.1 trace trace 
-COCH3 AlC13(:.012) cs2 30 81.5 75-9 1.4 4 .2 
It A1Br C .024 ) " 60 75-5 71.1 2.7 1.6 
It A1013(.024) 
" 
240 92.7 86.3 3.0 3.4 
" 
It 
3c . 020) CH3No2 1080 o.o trace 
" TiC14 ) . 012) cs2 1080 o.o 
~ I 
- ... 40-
In ethylene chloride (with aluminum chloride as 
catalyst) the ester reacted much more rapidly than the 
aldehyde, while in nitromethane (with the aluminum chloride-
nitromethane complex as catalyst) only the ester reacted. 
Beth solvents provided homogeneous reaction conditions 
(although in some cases in ethlene chloride small amounts 
of red oil were observed on the sides of the reaction 
vessel). In ethylene chloride the ester gave substantial 
amounts of the 5~iscpropyl and 4,5-diisopropyl compounds in 
addition to .the 4-isopropyl isomer which was the main re-
action product; the aldehyde gave the 4-isomer only. 
In carbon disulfide and with a swamping amount of 
catalyst the ester gave almost exclusively methyl 5-isopro-
pyl-2-pyrrolecarboxylate, the aldehyde gave only the 4-isomer, 
while in the reaction on the ketone only slightly more of 
the 5-isopropyl and 4,5-diisopropyl-2-ketones was formed than 
usually found with smaller amounts of catalyst. 
Experiments were carried out to determine the extent 
of rearrangement and disproportionation accompanying these 
reactions. It was established that when pure methyl 
5-isopropyl-2-pyrrolecarboxylate was refluxed for 1 to 2 
hours in carbon disulfide in the presence of an excess of 
catalyst while a stream of anhydrous hydrogen chloride was 
admitted, no detectable change occurred. However, when 
methyl 4-isopropyl-2-pyrrolecarboxylate was subjected to 
the same conditions there was a rapid rearrangement in 
which roughly one-half of the 4-isomer was converted to 
the 5-isomer. At the same time there was a small amount 
of disproportionation in which nearly equal amounts of 
starting material and methyl 4,5-diisopropyl-2-pyrrole-
carboxylate were formed. It was shown that the diisopropyl-
2-ester was also unchanged by the reaction conditions over 
an 18 hour period, in the presence of starting material. 
Attempts to rearrange 4-isopropyl-2-pyrrolecarboxaldebyde 
were unsuccessful. ·.· The rearrangement experiments on 
4-isopropylpyrryl methyl ketone were inconclusive although 
gas chromatography indicated that the extent of rearrange-
ment must be very much less than for the corresponding 
ester. It was further shown that neither the 4,5-diiso-
propyl-2-ester nor the 4, 5-diisopropyl-2-ketone dispro-
portionated under reaction conditions in the presence of 
the appropriate starting material. 
(iii) Discussion: 
The results relating to the aluminum chloride 
catalyzed isopropylation of methyl 2-pyrrolecarboxylate in 
carbon disulfide have been discussed previously (1) and 
will be considered first. The pattern of the results is 
consistent with direct; attack occurring primarily at the 
• 4-position leading to the ~-complex, XV , which may 
rearrange by an intramolecular 1, 2-shift mechanism (29, 
43, 64) to give XVI. Loss of a proton from these carbonium 
ions would produce the two monoisopropyl-2-esters. The 
highly reactive 4-position of the 5-isopropyl-2-ester, 
could then acquire a second isopropyl group to for.m XVII 
and eventually the diisopropyl-2-ester. Although some direct 
* The carbonyi groups of all such species undoubtedly 
remain complexed with the catalyst. 
--- --------,4""""2 -- -~- - ~•v~••-- ·---· ---- -----
r.t (CH,),_CHf\\ 
1~~~XoR H ~ 
.. · r.f (C H,). c H1_,_____\ 
(C~~C + OR 
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~ Hf--\\ 
(CI)~C~~J-coR 
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alkylation at the 5-position probably occurs, on both 
theoretical and experimental ground it appears that the 4-
position is greatly favoured as the initial site of attack. 
In alkylation experiments where hydrogen chloride 
gas was admitted continuously throughout,yields were greatly 
decreased and the 5-isomer predominated. Here protijnation 
of the 4-position exceeded alkylation arid much of the XV 
that was formed rearranged to the 5-isomer. In rearrange-
ment experiments on the latter and on the diisopropyl-2-
ester, protonation of the 4-position gave XVIII and XVII 
respectively whose rearrangement or disproportionation 
would be expected to, and did, fail. 
On the other hand methyl 4-isopropyl-2-pyrrole-
carboxylate protonated to XV and did rearrange. Attempts 
to carry out this rearrangement in the absence of a stream . 
of hydrogen chloride gas produced little of the 5-isomer. 
The small proton concentration which must have been present 
was ~robably supplied by the hydrogen chloride usually 
associated with commercial grade aluminum chloride. In 
addition to the monoisopropyl derivatives, this rearrange-
ment gave small and approximately equal amounts of methyl 
2-pyrrolecarboxylate and its 4,5-diisopropyl derivative. 
The fact that no overall loss of isopropyl groups was obser-
ved in the rearrangement reactions, indicates t hat the last 
two oo~pounds were probably formed from a direct inter-
molecular transalkylation (29) by XV on the 4-posi t i on of a 
molecule of methyl 5-isopropyl-2-pyrrolecarboxylate, rather 
than from the formation of a free isopropyl cation or its 
complex with the Lewis acid, followed by electrophilic 
attack on the 5-isopropyl-2-ester. In the lat ter case some 
- L.j..4. -
loss of isopropyl groups might have been expected. The 
failure of the diisopropyl-2-ester to disproportionate 
under reaction conditions, provides additional evidence that 
the isomerization is intramolecular. 
The reactivity of the 4-position is also supported 
by alkylation experiments using the monoisoprppyl-2-ester. 
Here it was observed that 35% of the 5-isomer was converted 
to the diisopropyl-2-ester in fifteen minutes, while the 
4-isopr9pyl-2-ester gave only 15% after one hour. In the 
latter experiment, rearrangement probably preceded alkylat-
ion to a large extent. 
Alkylation experiments on methyl 2-pyrrolecarboxylate 
using swamping amounts of aluminum chloride or aluminum 
bromide as catalyst, gave high yields of product where the 
5-isopropyl-2-ester predominated by far and where diiso-
propylation was negligible. This is analogous to Friedel-
Orafts reactions on monoalkylbenzenes, where large amounts 
of catalyst lead to an increasE7d proportion of ~-su·bsti tution 
(33). As discussed by Olah (30)~ several authors have 
studied complexes of the type (ArH2J+[LAXJ-, where LA 
refers to a Lewis acid. 
McCauley and Lien (38, 65) have shown that for a mix-
ture of xylenes in the presence of liquid HF-BF3, the most 
basic isomer--~-xylene--is preferentially extracted into 
the acid layer, leading to a shift of the equilibrium dis-
tribution in favour of this isomer. B,y analogy, an impor-
tant factor contributing to the rearrangement of methyl 
4-isopropyl-2-pyrrolecarboxylate to the 5-isomer, is the 
greater basicity of the latter, which makes _it thermodynamic-
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ally more stable under reaction conditions, owing to the 
formation of the ~complex XVIII. It should be emphasized 
that protonation at the 4-position should be grea-tly favoured 
over 5-protonation, regardless of the number of alkyl sub-
stituents. 
A small amount of the supposed 3-isopropyl-2-ester 
was detected among the rearrangement products of the 4-
isopropyl isomer. While at least some direct attack may 
occur at the 3- and 5- positions during alkylation, it seems 
that most of the product with isopropyl groups at th·3se pos-
itions arises through rearrangement from the kinetically 
favoured 4-position. 
It was previously suggested (1) that the isopropyl 
group of methyl 4-isopropyl-2-pyrrolecarboxylate may re-
arrange intramolecularly to the 5-position by way of a 
Wagner-Meerwein intermediate, XIX. Loss of the isopropyl 
group group of this species to a molecule of methyl 5-
isopropyl-2-pyrrolecarboxylate would produce equal amounts 
of methyl-2-pyrrolecarboxylate and its diisopropyl deri-
vative, in agreement with experiment. However, location 
of such a species on a free energy profile could only be 
a matter of speculation. If the proposed 1, 2-shift mech-
anism is operative, XIX may more closely resemble a pot-
ential maximum (i.e. a transition state) than a minimum, 
since the redistribution of charge involved in the rearrange-
ment probably requires considerable energy. Implicit in 
such a mechanism is the view that 5-isopropylation does 
not necessarily involve a common intermediate with 4-isopropyl-
ation, i.e. a ~-complex. This is consistent with the sug-
I [ 
r 
i 
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gestion that most of the 5-substituted product arises 
from rearrangement of the 4-isomer and not from direct 
attack. 
That aluminum brqmide and gallium bromide are more 
effective catalysts than aluminum chloride, is probably 
due in part to their much greater solubility in carbon 
disulfide. Of particular interest is the fact that gallium 
chloride gives 94% conversion with very much less of the 5-
isopropyl and 4,5-diisopropyl-2-ester than observed with 
the aluminum halide catalysts. Thus in this case, con-
secutive isomerization appears to be greatly reduced. 
Under nearly homogeneous conditions in ethylene chloride 
with aluminum chloride as. catalyst, 87% conversion of the 
unsubstituted ester was observed, with substantial amounts 
of the 5-isopropyl and 4,5-diisopropylderivatives, being 
found in the product mixture. The greater solubility of 
aluminum chloride in ethylene chloride than in carbon di-
sulfide would appear . to account for the faster rate of re-
action. 
N.m~r. studies on complex formation berween aluminum 
halide and the 2-substituted pyrrole substrates, indicate 
that the strength of carbonyl complex formation and hence 
the degree of deactivation of the ring to electrophilic sub-
stitution follows the order: aldehyde > ketone > ester 
(c.f. page55). It is therefore surprising to find that 
the rate of alkylation in carbon disulfide follows the 
same order, with the aldehyde reacting very much faster 
than the ester. This result m:ay be attributed to differ-
ences in the physical states of the reacti on mixtures. 
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The aluminum chloride catalyzed isopropylations of the ester 
(in carbon disulfide) gave heterogeneous reaction mixtures 
at least in the initial stages, with much of the catalyst 
remaining suspended in the solvent. On the other hand, the 
aldehyde and catalyst quickly formed a red oil on mixing 
in carbon disulf~de , and reaction appeared to occur mainly 
in this phase. In this highly polar and acidic medium 
with a very high concentration of reactants, reaction would 
be expected to occur much faster than in the less polar and 
more dilute medium available to the ester, notwithstanding 
the greater degree of deactivation Gf the 2-formylpyrrole. 
Molecular orbital calculations (c.f. page 28) have 
shown that electron withdrawal from the pyrrole ring leads te 
a greatly increased E7r value for the Wheland intermediate 
(and by the Hammond principle a greatly increased localization 
energy) for 5-substitution, relative to the very small in-
crease in E7f (4-). Also the n.m.r. work on the Lewis acid-
carbonyl complexes indicates that the decrease in7r-electron 
density caused by complex formation is much greater at the 
5-position than at the 4-p<i>s·ition, and that this effect is 
much greater for the aldehyde than for the ester. That the 
ester but not the aldehyde rearranges under the reactiQn con-
ditions, may be explained by assuming that the E 71"' ( 5-) 
value for the aldehyde is so large that it precludes 5-sub-
stitution either from direct attack or from rearrangement of 
the 4-alkyl group. On the other hand, the ester, not being 
as tightly complexed and therefore having lower energy 
Wheland intermediates for electrophilic substitution at the 
4- and 5-positions, may undergo 5-isopropylation primarily 
by the 1,2-shift of a 4-isopropyl group. The behaviour 
of the 2-acetylpyrrole lies between that of the ester and. 
the aldehyde; but in terms of 5- and di-alkylation the 
ketone more closely resembles 2-pyrrolecarboxaldehyde than 
the ester. 
The alkylations in nitromethane solution are note-
worthy on two aounts. First only the ester reacted. No 
alkylation of the ketone or aldehyde was observed under the 
homogeneous conditions of the reaction. The n.m.r. results 
again provide an explanation, namely that the aldehyde and 
ketone are sufficiently deactivated by complexing, to rule 
out isopropylation catalyzed by the weak Friedel-Crafts cata- · 
lyst-the nitromethane-aluminum chloride complex. In this . 
case the medium of reaction was basic and reactant concen-
trations were low, in contrast to the conditions of alkyl-
ation in carpon disulfide. Although deactivated by com-
plexing, the ester was still much more reactive than the 
aldehyde, and underwent · 16% reaction over an 18 hour p~riod. 
It is interesting to note that with ethylene chloride as 
solvent, where aluminum chloride is fairly soluble (although 
not deactivated by complexing with the solvent), and where the 
reaction mixture is nearly homogeneous (in contrast to re-
actions in carbon disulfide), the reaction proceeds more 
rapidly f.or the ester than for the aldehyde - the 11 expected" 
order. 
The second interesting point concerning isopropyl-
ations in nitromethane is that virtually all the product 
froin the alkylation consists of the 5- and 4, 5-diisop;L'opyl· · 
derivatives. Olah (23) has found that isopropylations carried 
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eut in nitremethane are highly selective and that the basic 
conditions of reaction largely eliminate consecutive rearran-
gement. One would expect that a highly selective electro-
philic species would attack almost exclusively the 4-position 
of methyl 2-pyrrolecarboxylate~ The observed results indi-
cate that the first formed methyl 4-isopropyl-2-pyrrole-
carboxylate rapidly rearranged to the 5-isomer before de~ 
protonation of XV occurred. The 4% of the diisopropyl-2-
ester found in the product mixture represents further alkyl-
ation of the 5-isopropyl derivatives. Olah (23) showed that 
no consecutive .;isomerization was possi ble in the "anhydrous" 
system, although he later carried out isomerizations of 
diisopropylbenzenes in nitromethane using water promoted 
aluminum chloride (29). How much water is necessary to 
initiate such rearrangements on an aromatic ring has not 
been investigated. It would appear, however, that rearrange-
ment prior to deprotonation may be quite important and may 
account for much of the meta-isomer found in Olah's product 
. -
mixtures from the isopropylations. 
The results of Gilman et al. on the alkylation of 
various furan derivatives (48,52,53), are similar to results 
presented in the present work and may be explained in the 
same way. Thus, isopropylation of methyl 2-furoate gave 
only the 5-isomer, largely because of rapid rearrangement 
of the first formed 4-isomer, while the isopropylation of 
furfural gave only the 4-isopropyl derivative, because of 
the enhanced deactivation of the 3- and 5- positions 
caused by Lewis acid-carbonyl complexing. Spaeth and Ger-
main (51) found that more than 90% of t h e product of isopro-
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pylation of methyl 2-thienyl ketone was the 4-isomer. 
Their low yield of the 5-isomer m~ have been due to fur-
ther alkylations. However, they did not examine the diiso-
propylated product and did not use an external source of 
hydrogen chloride in rearrangement studies. Nonetheless, it 
would appear that the similarity te the behaviour of 2-acetyl-
pyrrole in Friedel-Crafts isopropylation, is due to strong 
complexing of the ketone carbonyl with the catalyst. 
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6. SPECTRAL DATA: 
(i) Nuclear magnetic resonance spectra: 
The n. m. r. chemical shifts for several compounds 
reported in the present work are given in Table III. The 
deactivation of the pyrrole ring to electrophilic sub-
stitution by an electron-withdrawing 2-substituent is 
reflected in diminished 1f-electron density in the ring, 
and consequent lower field absorption bands (relative to 
pyrrole) for the aromatic protons". This deactivation fol-
lows the expected order: CHO > COCH~ ~ COOCH~. The 
absorption band of the 4-proton of the simple 2-substituted 
pyrroles occurs to high field of the absorption band of the 
~- and 5- protons, indicating that the 4-position is the 
s~te of highest electron density and therefore should be 
the preferred site of electrophilic attack. Thus, the 
n. m. r. results corroborate the theoretical and experi-
mental data discussed previously. 
The small solvent effect on chemical shifts of 
the aromatic protons, observed in solvents more basic than 
carbon tetrachloride, would appear to result from specific 
interactions with the solvent. 
Average coupling constants observed for the 2-
substituted pyrroles and the isopropylated substrates 
are as follows: 
Jl~ = 2.8 c.p.s. J~4- = 3-8 c.p.s. 
Jl4 = 2.5 c.p.s. J45 = 2-5 c.p.s. 
Jl5 = 3·0 c.p.s. J35 = 1.5 c.p.s. 
The values are in agreement with those r eported by Grona-
witz et al. (66). 
TABLE III:. 
N.M.R. Chemical Shifts {L) 
Compound Solvent Aliphatic ester Aromatic • • 0-0H~ 0-H OCH~ ~- 4- 5-
Pyrrole 6.18 6.18 6.56 
Methyl 1-pyrrolecarboxylate 0014 6.15 ~.84 2.80 
Methyl 1,2-pyrroledicarboxy- CDOl~ 6.00(N) ~-05 ~-76 2.61 
late 6.14(C) 
Methyl 1,3-pyrroledicarboxy- CDCl~ 5.96(N) 2.07(2-) ~-~2 2.96 
late 6.14(0) 
Methyl 2-pyrrolecarboxylate COl 6.17 ~-27 ~-83 3.09 
CDC13 6.1~ 3.02 3-70 3.02 
Methyl 4-isopropyl-2- 0014 8.81 7.12 6.19 3-32 3-32 pyrrolecarboxylate 
Methyl 4-isopropyl-2- 0014 8.70 7-09 6.17 3.28 4.11 pyrrolecarboxylate CDC13 8.72 7.00 6.17 3-13 4.00 
Methyl 4,5-diisopropyl 0014 8.83(4-) 7-01 6.17 3-37 2-pyrrolecarboxylate 8.68(5-) (2 over- 6.17 3-37 lap) aldehyde 
CHO 
2-Pyrrolecarboxaldehyde CC14 0.52 ~.06 3-73 2.81 
CDCl~ 0.47 2.96 3.64 2.79 
OH2c12 0.48 2.97 3-65 2.78 
CH~N02 0.48 2.94 ~-62 2-7~ ~ 
TABLE III (cont'd) 
N .M.R. Chemical shifts ('(;) 
Aliphatic Aromati c 
Compound Solvent • • ester C-CH3 C-H OCH3 3- 4-
4-Isopropyl-2-pyrro1e- 0014 8.77 7.14 0.62 }.20 carboxa1debyde CDC1} 8.78 7.12 0.53 3.11 
ketone 
COCH3 
2-Acety1pyrrole 0014 7·58 3.17 3-85 
4-Isopropyl-2-acetyl- CC14 8.81 ?.18 7-63 3-28 pyrrole 
4,5-Diisopropyl-2- CC14 8.79(4-) 6.99 ?.66 3-34 acetylpyrrole 8.66(~) (2 over-
lap) 
• All absorption bands assigned to isopropyl groups displayed the expected splitting. 
Thus the methyl group absorptions appeared as doublets and the methine proton 
resonances as discernible septets. 
5-
2. 98 
2.98 
2.94 
3.11 
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A study was made of the effect of complex for-
mation with aluminum halide on the chemical shifts of the 
protons of the substrate molecules. Complexes between 
Lewis acids and carbonyl compounds are well knol~, the 
nature of these compl~es having been shown by infrared 
spectroscopy to involve a dative bond between the oxygen 
and the Lewis acid (67). Thus the 2-pyrrolecarboxy-
aldehyde-aluminum bromide complex, for example, may be 
represented by XX, implying enhanced 
~Q.;;AIBrs 
XX 
electron withdrawal from the ring and in particular from 
the 3- and 5- positions. This decrease in elP,ctron den-
sity should be reflected by changes in the ~reso·nance .. · 
of the ring protons to lower field (negative A?"). 
This was found to be the case as shown by Table 
IV (wherein tl.:Cvalues are taken relative to chemical shifts 
for the uncomplexed pyrrole derivatives in the same sol-
vent). It is immediately seen that,while all ring positions 
are deactivated, in each case electron withdrawal is much 
greater from the 3- and 5- positions than from the 4-
positions. This parallels the general result from the 
m.o. calculations discussed previously; complex formation 
should lead to a great increase in the localization energies 
for electrophilic attack at the 3- and 5- positions there-
by leaving the 4- position the most susceptible to electro-
philic substitution. Complex formation by the ester leads 
to substantially less deactivation (by 0.3 to 0. 5 p.p.m.) 
TABLE IV 
Effect of Complex Formation on Chemical Shifts 
Complex Solvent 3- 5- CHO 
2-Acetyl- CH3No2 -0.92 -0.51 -0.89 -0.58 
pyrrole. AlBr3 
Methyl-2-pyrrole- CH3No2 -0.52 -0.23 -0.42 -0.25 carboxylate. AlBr3 VI VI 
I 
2-Pyrrolecarbox- CH3No2 -0.93 -0.54 -0.92 +0.67 aldehyde. A1Br3 
2-Pyrrolecarbox- CH3No2 -0.93 -0.54 -0.92 +0.67 aldehyde. A1Cl3 
2-Pyrrolecarbox- ethylene -0.89 -0.52 -0.86 +0.52 
aldehyde. A1Br3 chloride 
I 
r 
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than was observed for the ketone and aldehyde. This sug-
gests that the reason the 4-isopropyl-2-aldehyde and the 
4-isopropyl-2-ketone do not rearrange lies in the great 
increase in activation energy (relative to the ester) for 
the formation of the 5- a--complex brought about by 
complexing of the carbonyl. With the ester the deactivation 
is apparently not .sufficient to preclude rearrangement. 
These results may also explain why the ester, but not the 
aldehyde on ketone, undergoes the Friedel-Crafts reaction 
in nitromethane solution. 
The absorption bands of the ketone -CH' and ester 
-OCH3 are moved to lower field by complex formation, while 
that of the aldehyde -CHO is changed to higher field. It 
is supposed that the low field position of the aldehydic 
proton resonance is due to the diamagnetic anisotropy of the 
carbonyl bond, which causes the proton to be in a deshielding 
portion of the induced magnetic field. ~resum~bly the with-
drawal of 71 -electrons from the bond through complex for-
mation decreases the strength of the effective induced 
field and leads to a shift in the position of the absorption 
to higher field. 
(ii) Ultraviolet spectra: 
Ultraviolet spectra of some substituted pyrroles 
are recorded in Table V. 
In gene~al, substitution of alkyl groups shifts 
the absorption maxima to longer wavelengths. This is par-
ticularly true for the K-band. Changes in the extinction 
coefficient do not appear to follow any simple pat tern. 
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TABLE V 
Ultraviolet spectra of substituted pyrroles 
Substituent at position Band E Band K 
2- 4- 5- )Jnax log~ )\max (m#) (m)t) 
COOCH3 233-5 3-72 265-5 
COOCH3 i-Pr 232.5 3-95 273-5 
COOCH3 i-Pr 233 
3.46 277·5 
COOH 222a 3-65 258. 
COOH i-Pr 237 3-77 272-5 
COOH i-Pr 231 3.52 277 
COOH i-l?r i-l?r 235 3.60 283-5 
CHO 253b 3·70 289. 5b 
CHO i-l?r 257·5 3.84 302. 
Dimethyl 1,3-pyrroledicarboxylate 208 4.37 233 
(a) Ref. (68). · (b) Ref.(69) gives )\max = 252, 289.5 mlf 
(logE: 3.70, 4.22). 
The bathochromic shifts in the K-band appear t o be greater 
per isopropyl group, than ·chose observed by Eisner and 
Gore (70) for methyl substitution. In contrast to the 
results of these authors, who f ound the bathochromic sh~ft 
to be independent of position of substitution, we find 
log€ 
4.21 
4.20 
4.31 
4.10 
4.15 
4.02 
4.23 
4.45 
4 .20 
4.08 
the shift for 5-substi tut.Lon to be substantially greater than 
for substitution at the 4-posit ion. This may be attri- · 
buted to a more facile electron donation from the 
5-isopropyl group (the 5-position being conjugated with 
' 
the 2-substituent) and therefore a greater stabilization 
of the dipolar contribution, XXI, to the excited state. 
XXI 
This would result in a lower energy transition and a greater 
bathochromic shift for the 5-alkyl than for the 4-alkyl 
derivative. 
(ii) Infrared spectra: 
The carbonyl and N-H absorption frequencies 
for several substituted pyrrole derivatives are given 
in Tabl.e VI. 
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TABLE VI 
I. R. Absorption of pyrroles 
Compound 
Methyl 2-pyrro1ecarboxylate 
Methyl 4-isopropyl-2-pyrrolecarboxylate 
Methyl 5-isopropyl-2-pyrrolecarboxy1ate 
Methyl 4,5-diisopropyl-2-pyrrolecarboxy1ate 
2-Pyrro1ecarboxylic acid 
4-Isopropyl-2-pyrro1ecarboxylic acid 
5-Isopropyl-2-pyrro1ecar~oxylic acid 
4,5-Diisopropyl-2-pyrrolecarboxylic acid 
2-P,yrrolecarboxyaldehyde 
·4-Isopropyl-2-pyrrolecarboxa1debyde 
2-Acety-lpyrrole 
4-Isopropyl-2-acetylpyrrole 
4,5-Diisopropyl-2-acety1pyrrole 
Dimethyl 1,3-pyrroledicarboxylate 
Dimethyl 1,2-pyrro1edicarboxylate 
(a) C-COOCH3 
(b) N-COOCH3 
0=0(cm) 
1681 
1698 
1690 
1680 
1700 
1695 
1660 
1680 
1660 
1655 
1635 
1635 
1640 
1720a 
1760b 
1730a 
1760b 
NH(cm-1 ) 
3290 
3297 
3300 
3320 
3355 
3368 
3404 
3297 
3260 
3280 
3290 
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7 • EXPERIMENTAL 
-
General: 
Melting points were determined on a Fisher-Johns 
ap.~;>aratus and are uncorrected. Infrared spectra were 
recorded by a Unicam SPlOO Spectrophotometer using the 
potassium chloride disc technique (2 mg. of sample in 200 
mg. KCl). 
Ultraviolet spectra were determined with a Beckman 
DK-2A Recording Spectrophotometer; samples were dissolved in 
ethanol (95%) at a concentration of 10 mg. per litre. 
pKa's were qetermined spectrophotometrically as described 
by Jaff& and Orchin (71). 
The nuclear magnetic resonance spectra were deter-
mined at 60 Mc/s in carbon tetrachloride, unless otherwise 
noted, with tetramethylsilane (TMS) as an internal refer-
ence. The chemical shifts are given as 4rvalues where 
C = 10 -S , & being the chemical shift in p.p.m. from the 
T.M.S. absorption. 
Analyses of reaction mixtures were carried out by 
means of gas-liquid partition chromatography using a Beck-
man GC-2A Gas Chromatograph, equipped with a 30 inch column 
(Beckman number ?0007) packed with Carbowax 4000 dioleate on 
firebrick and operated at 190°0 with helium as t he carrier 
gas (inlet pressure: 30 p.s.i.g.). Analyses were accurate 
to t 2% as shown by gas chr-omatographic examination of a· 
series of known mixtures. 
Elemental analyses were determined by Alf red Bernhardt, 
Mulheim (Ruhr), Germany. 
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Methyl 2-Pyrrolecarboxylate: 
This compound was prepared by an adaptation of the 
Grignard method of Maxim et al. (55) for the ethyl ester. 
The reaction vessel was a 2 liter 3-neck round bottom flask 
equipped with a stirrer, dropping funnel and condenser. To 
a cold solution of ethylmagnesium bromide (1.40 moles) 
in 400 ml of ethyl ether was added pyrrole (96 g, 1.44 mole) 
in 100 ml of ether. The reaction mixture was stirred for 
1 hour at room temperature ~nd then cooled as methyl chloro-
.formate (0.95 mole) in 100 ml of ether was added dropwise. 
The reaction mixture was stirred for one hour and then care-
fully hydrolysed with 250 ml of 10% ammonium chloride sol-
ution. The aqueous layer was separated and extracted with 
ether. After the combined ether extracts were dried 
over anhydrous sodium sulphate, the ether was removed by 
distillation and the product was vacuum distilled: b.p. 
115-120° at 12 mm, yield 25%. The methyl 2-pyrrolecarboxy-
late was crystallized from methanol, m.p. 73° (57). 
From the forerun was obtained a very small amount 
of methyl 1-pyrroiecarboxYlate b.p. 57-59~ at 14 mm 
(Nfi2 1.483). Gabel (72) reports b.p. 71-738 at · 21 .mm 
(N~2 1.487). 
A higher boiling compound was separated from 2-ester 
~esidue by fractional crystallization from hexane to give 
a white solid, m.p. 142-143.58 • Infrared and n.m.r. spectra 
showed this compound to be methyl 1,3-pyrroledicarboxylate. 
Analysis, calculated: C, 52.46; H, 4.95; N, 7·65; 
found: C, 52.53; H, 5.06; N, 7.82. 
----------------~6~2~----------~~~-----~--=--
Dimethyl 1,3-pyrroledicarboxylate was refluxed two 
hours in aqueous methanolic potassium hydroxide. The meth-
anol was distilled and the aqueous solution was washed 
with ether to remove unreacted ester. Acidification with 
dilute hydrochloric acid resulted in copious evolution 
of carbon dioxide. The 3-pyrrolecarboxylic acid was extracted 
in ether and crystallized from methanol, m.p. 144.5- 145.5°. 
Its infrared spectrum was identical to that of an authentic 
specimen of 3-pyrrolecarboxylic acid and the mixed melting 
point was not depressed. 
Also isolated was the dimethyl 1,2-pyrroledicarboxy-
late reported by Hodge and Rickards (57), m. p. 44-45°. Its 
infrared spectrum was identical to that of an authentic 
specimen and the mixed melting point was undepressed. 
2-?Yrrolecarboxaldehyde: 
This was prepared by the method of Silverstein et ·al. 
(59). The reaction vessel was a 3 litre three-necked round 
bottomed flask, equipped with stirrer, dropping funnel, and 
condenser (with drying tube). To dimethylformamide (80 g, 1.1 
moles) was added slowly phosphorus oxychloride (169 g, 
1.1 moles), the internal temperature being maintained at 
0 10 - 20 • The mixture was stirred at room temperature for 
fifteen minutes and then ethylene chloride (250 ml) was 
added and the solution cooled to 5° by application of an ice 
bath. A solution of pyrrole (67 g, 1.0 mole) in ethylene 
chloride .(250 ml) was added over a period of one hour where-
upon the ice bath was replaced by a heating mantle and the 
mixture stirred at the ref lux temperature for 15 minutes 
' 
! 
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during which time there was copious evolution of hydrogen 
chloride • ~he mixture was cooled to. 25° and to it was added 
a solution of 750 g (5.5 moles) of sodium a~etate trihydrate 
in 1 litre of water, very slowly at first, then as rapidly 
as possible. The reaction mixture was then refluxed for 
30 minutes to complete the hydrolysis. The ethylene chloride 
layer was separated and the aqueous solution extracted with 
ether. The combined organic extracts were washed three 
times with 100 ml portions of saturated aqueous sodium car-
bonate solution, then dried over anhydrous sodium carbonate. 
The solvents were removed by distillation and the product 
vacuum distilled: b.p. 69-71° at 1 mm; yield: 70%. The 
2-pyrrolecarboxaldehyde was crystallized from petroleum 
ether, m.p. 44-45°, literature m.p. 44-45°(59). 
2-Acetylpyrrole: 
2-Acetylpyrrole was _prepa-red by the method of Oddo 
and Dainotti (11). To pyrrolemagnesium bromide (1.0 mole) 
in anhydrous ether (500 ml) was added acetic anhydride (108 
g. 1.0 mole) in ether (100 ml) slowly_ with cooling. The 
reaction mixture was refluxed 30 minutes, then cooled and 
hydrolyzed with 800 ml of a 10% ammonium chloride sol-
ution. The aqueous layer was separ ated and extracted with 
ether. The combined ether extracts were dried over anhydrous 
potassium carbonate, the solvent removed by distillation 
and the product vacuum distilled: b.p. 90-110° at 7 mm. 
yield 45%• The ketone was crystallized from methanol, 
m.p. 88-89°, literature m.p. 90° (11). 
-------::;--~:--------~--~----·=··· .......  ".''' =··-,...., •  ____ ~
General Procedure for Alkylations: 
The reaction vessel was a 100 ml three-neck round 
bottom flask, equipped with stirrer, dropping funnel, 
and condenser with drying tube,immersed in an oil bath 
ma;nta;ned at 50°. 0 01 1 f th • • • mo es o e starting material 
(pyrrole-2-methyl ester, 2-aldehyde, 2-methylketone)and 
0.012 moles of the anhydrous catalyst (aluminum chloride, 
aluminum bromide, gallium chloride, titanium tetrachloride, 
ferric chloride)were placed in the reaction vessel with 40 
ml of carbon disulfide. Isopropyl chloride (0.01 mole) in 
10 ml · of carbon disulfide was added after fifteen minutes 
and the reaction mixture refluxed for the required period. 
The reaction was quenched by pouring on ice. The aqueous 
layer was separated, saturated with sodium chloride and 
extracted with ether. The combined organic extract was 
washed with sodium acetate (saturated aqueous solution) and 
dried over anhydrous sodium sulfate. The solvent was re-
moved by distillation and the residue analysed by gas chro-
matography. 
Isolation of Alkylation Products: 
The various unreacted starting materials and most 
of the various isopropylated reaction products were sep-
arated by adsorption chromatography on alumina (Fisher 
Reagent Grade) and fractional crystallization from methanol. 
The melting points of the pure materials and the results 
from elemental analysis are given in Table VII, and their 
retention times on the gas chromatograph are presented in 
Table VIII. Spectral data are rec·orded elsewhere. 
' 
. 
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TABLE~VII 
Elemental Analysis 
calculated found 
Compound 
c H N c H N 
Methyl 4 ·;.5-dii sopropyl-2-pyrrole-
carboxylate, m.p. 120.5-121.0° 68.87 9-15 6.69 68.77 9.43 6.92 
Cl2Hl9N02. 
Methyl 4-isopropyl-2-pyrrole-
carboxylate, m.p. 89-90° 64.65 7.84 8.29 65.05 7-74 8.50 (lit.90°(61)). o9H13No2 • I 
Methyl 5-isopropyl-2-pyrrole- <1' \.n 
carboxylate, m.p.59.5-61° 64.65 7-84 8.38 64.67 ?.61 8.29 I 
09Hl3N02. 
4-Isopropyl-2-pyrrolecarbox- 70.04 8.09 10.20 ?0.42 8.06 10.16 aldehyde m.p.310 o8H11No. 
4-Isopropyl-2-pyrrole 
carboxaldoxime, m.p.l24o 63.14 7-95 18.40 63.20 7-76 18.39 
08Hl2N20. 
Semicarbazone of 4-isopropyl- 55.66 7-26 28.84 55.85 7.82 28.24 2-pyrrolecarboxaldehyde 
m.p. 173-175°. o9H14N40 
4-Isopropyl-2-acetylpyrrole, 
m.p. 46.5-47.5°. o9H13No. 71-52 
8.61 9-27 71-51 8.85 9. 40 
4,5-Diisopropyl-2-acetylpyrrole ?4.57 9.91 7-25 74.58 9-85 7-41 m.p. 103-40. Ol2Hl9NO 
r 
TABLE VIII 
Gas chromatograph retention times for 2-substituted 
pyrroles and their alkylation products 
·Time(min.) 
Substituent a 2-COOCH:; 2-CHO 2-COCH:; 
Starting material 4.00 :;.90 
I 
:;.40 0' 
0' 
5-Isopropyl- 4.85 4.90 4.20 
4,5-Diisopropyl- 6.55 6.85 5-70 
4-Isopropyl- 7.40 8.40 7.00 
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Methyl 5-Isopropyl-2-pyrrolecarboxylate: 
To a cold solution of 0.171 moles of ethylmagnesium 
bromide in 300 ful of ether was added a solution of 0.717 
moles of isopropylpyrrole ( ·> 95% purity) in 25 ml of 
ether. The reaction mixture was refluxed for one hour and 
then cooled while methyl chloroformate (0.171 mole) in 
25 ml of ether was added dropwise. The reaction mixture 
was again refluxed one hour, then carefully hydrolyzed 
with 100 ml of 10% ammonium chloride solution. The aqueous 
layer was separated and extracted with ether. After the 
combined ether extracts were dried over anhydrous sodium 
sulfate, the ··ether was removed by distillation and the pro-
duct, methyl 5-isopropyl-2-pyrrolecarboxylate, vacuum dis-
tilled. Gas chromatographic analysis showed that this 
material was homogeneous, the retention time (4.55 min.) 
corresponding to that of the alkylation product to which 
this structure had been tentatively assigned. The 5-isopropyl-
2-ester was crystallized from methanol, m.p. 59.5-61°, and 
was shown to be identical to the alkylation product by 
mixed melting point and comparison of infrared spectra. 
Rearrangement of Met~yl 4-Isopropyl-2-pyrrolecarp~xYlate; 
Methyl 4-isopropyl-2-pyrrolecarboxylate (0.001 mole) 
and aluminum chloride (0.0024 mole) in 10 ml of carbon disul-
fide were refluxed (50°) for two hours in the presence of a 
continuous stream of dry hydrogen chloride. The reaction 
mixture was worked up in the usual manner and the products 
analyzed by gas chromatography: 
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Product Mole % 
Methyl 4-isopropyl-2-pyrrolecarboxylate 35-2 
Methyl 5-isopropyl-2-pyrrolecarboxylate 50.8 
Methyl 2-pyrrolecarboxylate 6.9 
Methyl 4,5-diisopropyl-2-pyrrolecarboxylate ?.0 
Attempted Rearrangement of Methyl 5-Isopropyl-2-pyrrole-
carboxylate: 
The 5-isopropyl-2-ester and aluminum chloride in 
carbon disulfide were refluxed at 50° for two hours in the 
presence of dry hydrogen chloride. Gas chromatography re-
vealed no rearrangement or disproportionation of isopropyl 
groups. 
Isopropylation of Methyl 4-Isopropyl-2-pyrrolecarboxYlate: 
Methyl 4-isopropyl-2-pyrrolecarboxylate was -reacted 
with isopropyl chloride and aluminum chloride using the 
general procedure. After a reaction time of one hour at 
50° it was found that 15% dialkylation had occurred. 
Isopropylation of Methyl 5-Isopropyl-2-pyrrolecarboxylate: 
Methyl 5-isopropyl-2-pyrrolecarboxylate was reacted 
with isopropyl chloride and aluminum chloride using the 
general procedure. After a reaction time of fifteen min-
utes at 50° it was found that 35% of the starting material 
had been diisopropylated giving methyl 4,5-diisopropyl-2-
pyrrolecarboxylate. 
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4ttemEted Disproportionation of Methyl 4,5-Diisopropy1-2-
pyrrolecarboxYiate: 
Methyl 4,5-diisopropyl-2-pyrrolecarboxylate (0.001 
mole) and methyl 2-pyrrolecarboxylate (0.001 mole) dis-
solved in 10 ml of carbon disulfide were refluxed for 
four hours in the presence of anhydrous aluminum chloride 
(0.0024 mole) while a continuous stream of dry hydrogen 
chloride was passed through the reaction mixture. The re-
action mixture was worked up in the usual manner and the 
products analyzed by gas chromatography.. No elimination or 
disproportionation of isopropyl groups was observed. 
Preparation of Acids: 
The corresponding acids of the alkylated esters were 
prepared by refluxing the esters in 20% aqueous potassium 
hydroxide solution for one to four hours. The unreacted 
ester was extracted in ether and the aqueous l~er acid-
ified with dilute hydrochloric acid. The acid derivative 
was extracted in ether, dried over sodium sulfate, and 
recrystallized from methanol or sublimed under vacuum. 
Spectra.! data are recorded elsewhere • . Melting points and 
pKa's as ·determined spectrophotometrically are as follows: 
Acid 
2-pyrrolecarboxylic acid 
4-isopropyl-2-pyrro1ecarboxylic acid 
5-isopropy1-2-pyrro1ecarboxy1ic acid 
4,5-diisopropy1-2-pyrro1e-
cs.rboxy1ic acid 
(a) Ref. (73) gives m • . p. 204- 205° 
(b) Ref. (74) gives pKa 4.38. 
(c) Ref. (61) gives m. p. 182 - 1840 
M.P. 
210 - 212° 
182 - 184° 
133 - 134° 
93 - 94° 
(d) a 
(d)c 
pKa 
4.55b 
4.77 
4.89 
4.97 
.. ?O -
4-Isopropyl-2-pyrrolecarbaldoxime: 
4-Isopropyl-2-pyrrolecarboxaldehyde (1.8 g, 0.013 
mole) in 5 ml of ethanol was added to a solution of hydroxyl-
amine hydrochloride (0.90 g, 0.013 mole) and sodium acetate 
trihydrate (1.80 g. 0.013 m~le) in 10 ml of water. The 
mixture was heated on a steam bath for five minutes, then 
refrigerated overnight. The oxime was filtered and recry-
stallized from ethanol, m. p. 124°; yield: 88 %. 
4-Isopropyl-2-pyrrolecarboxalde~yde Semicarbazone: 
The semicarbazone was prepared by the method of 
Vogel (75) m. p. 173-175° (ethanol/water). 
Attempted Rearrangement, Disproportionation, and Alkylation 
of Isopropyl Derivatives of 2-P.yrrolecarboxalde~yde and 
2-Acetylpyrrole: 
Attempts to alkylate or rearrange 4-isopropyl-2-
pyrrolecarboxaldehyde using the general procedure outlined 
. 
for the ester and a reaction time of two hours led to only 
a trace ( i., 1%) of the expected products as shown by gas 
chromatography. 
Stmilar eXperiments on 4- isopropyl-2-acetylpyrrole 
while not conclusive, indicated that the exte~t of rearrang~­
ment is greatly reduced compared wit~ the 4-isopropyl-2-
ester; alkylation produced only a trace of the diisopropyl 
compound. An attempted disproportionation of 4,5-diisopropyl-
2-acetylpyrrole was not successful . 
'-1 
·~· 
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Oxidation of 4-Isopropyl-2-pyrrolecarboxaldehyde: 
4-Isopropyl-2-pyrrolecarboxaldehyde was oxidized 
to 4-isopropyl-2-pyrrolecarboxylic acid by the method of 
Hodge and Rickards (57). The mixed melting point with 
a specimen of the acid obtained from hydrolysis of the 
corresponding ester was not depressed. 
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APPENDIX 1. CALCULATION OF p . 
A least squares plot of the logarithms of the par-
tial rate factors (log flrH) for the nitration of several 
aromatic hydrocarbons against the corresponding localiz-
ation energies gives a straight line of slope equal to 
P /2.303 RT (Figure 11) ., 
TABLE XIX 
-
Partial rate factorsa and localization energies for 
aromatic hydrocarbons 
Hydrocarbon position log ·rP b 
· ArH E (p)c 
Benzene o.ooo 2.536 
Diphenyl 2 1.477 2.400 
Diphenyl 4 1.255 2.477 
Naphthalene 1 1.672 2.299 
Naphthalene 2 1.699 2.480 
Phenanthrene 1 2.566 2.318 
Phenanthrene 2 1.964 2.498 
Phenanthrene 3 2.477 2.454 
Phenanthrene 4 1.897 2.366 
Phenanthrene 9 2.690 2.299 
Pyrena 1 4.231 2.190 
Triphenylene 1 2.778 2.378 
Tripheny1ene 2 2.778 2.477 
Chrysene 2 3-544 2.251 
Perylene 3 4.887 2.140 
Benzo( cl )pyrene 6 5.035 1.961 
Coronene 3.061 2.306 
Anthracene 9 5-193 1.928 
0 (a) Reactions carried out in acetic anhydride at 25 C. 
(b) Ref. (76). (c) Ref. (6) page 336. 
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The equation of the line was found to be 
Y = -7.172 X + 1~42 
whence p = -9.?8 k.cal. 
6 
• 
1 
0 
2.0 2.1 2.4 
Figure 11. Plot of log fp vs localization energies. ArH 
2.6 
' 
APPENDIX 2: MOLECULAR ORBITAL CALCULATIONS 
(1) Pyrrole 9 
The secular determinant for pyrrcle is written as· 
follows: 
X+ h 1 0 0 1 
1 X + h' 1 0 0 
0 1 X 1 0 = 0 
0 0 1 X 1 
1 0 0 1 X+ h' 
whence the polynomial equation becomes: 
x5 + (2h' + h) x4 + (h' 2 + 2hh' -5) x' + (hh' 2 -6h' - ?h) x2 
-(h12 + 4hh 1 - 5) x-(hh' 2 - 2h' - h - 2) = O. 
The roots of this equation and the corresponding 
E 1T values are tabulated on the following page. 
' 
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h' = 0 ROOTS OF POLYNOMIAL E 17(pyrro1e) 
h = -1.0 -1.861 -0.618 -0.254 1.618 2.115 -5.466 
-0.8 -1.881. -0.618 -0.319 1.618 2.000 -5.636 
-0.6 -1.904 -0.618 -0.388 1.618 1.893 -5.820 
-0.4 -1.931 -0.618 -0.462 1.618 1.793 -6.022.~ 
-0.2 -1.963 -0.618 -0.539 1.618 1.702 -6.240 
0.0 -2.000 -0.618 -0.618 1.618 1.618 -6.472 
0.2 -2.043 -0.618 -0.698 1.618 1.541 -6.?18 
0.4 -2.094 -0.618 -0.?78 1.618 1.472 -6.980 
0.6 -2.154 -0.618 -0.856 1.618 1.410 -7.256 
0.8 -2.223 -0.618 -0.930 1.618 1.354 -7.542 
1.0 -2.303 -0.618 -1.000 1.618 1.303 -7.842 
1.2 -2.393 -0.618 -1.064 1.618 1.257 -8.150 
1.4 -2.495 -0.618 -1.121 1.618 1.215 -8.468 
1.6 -2.60? -0.618 -1.171• 1.618 1.179 -8.792 
1.8 -2.?30 -0.618 -1.216 1.618 1.145 -9.128 
2.0 -2.861 -0.618 -1.254 1.618 1.115 -9.466 
h' = 0.20 
h • . o .. o -2.083 -0.766 -0.633 1.566 1.516 -6.964 
0.2 -2.126 -0.?66 -0.708 1.566 1.434 -7.200 
0.4 -2.176 -0.766 -0.783 1.566 1.360 -7.450 
0.6 -2.234 -0.766 -0.859 1.566 1.293 -7.718 
0.8 -2.301 -0.?66 -0.931 1.566 1.232 
-7.996 
1.0 -2.378 -0.766 -1.000 1.566 1.178 
-8.288 
1.2 -2.464 -0.?66 -1.064 1.566 1.129 
-8.588 
1.4 - 2.562 -0.766 -1.123 1.566 1.085 
- 8.902 
1.6 -2.669 -0.?66 -1. 176 1.566 1.045 
-9.222 
1.8 - 2.787 -0.?66 -1. 223 1.566 
1.009 -9-552 
2.0 -2.913 -0.766 - 1.264 1 .566 0.977 
-9.886 
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h' 
- 0 ROOTS OF POLYNOMIAL E 1Y (pyrrole) 
h = o.o -2.105 -0.804 
-0.637 1.554 -7.096 
0.2 -2.147 -0.804 -0.?11 1.554 -?.324 
0.4 -2.198 -0.804 -0.?85 1-554 -7.572 
0.6 -2.255 -0.804 -0.859 1-554 -? .. 836 
0.8 -2.321 -0.804 -0.931 1.554 -8.112 
1.0 
-2.397 -0.804 -1.000. 1.554 -8.402 
1.2 -2.483 -0.804 -1.064 1.554 -8.702 
1.4 -2.580 -0.804 -1.123 1.554 -9.014 
1.6 -2.686 -0.804 -1.177 1.554 -9.334 
1.8 -2.802 -0.804 -1.225 1.554 -9.662 
2.0 -2.927 -0.804 -1.267 1.554 -9.996 
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( 2) Wheland intermediate for o(. -substitution in pyrrole 
The secular determinant for the Wheland intermediate 
for ~-substitution in pyrrole is written as follows: 
X+ h 0 0 1 
0 X 1 0 0 • 
0 1 X 1 
1 0 1 X+ b. 
whence the polynomial equation becomes: 
x4 +(h+h')x' + (hh'- 3) x 2 - (2h+h')x-(hh' -1) • 0 
The roots of this equation and the corresponding E7r values 
are tabulated below. · Note that the corresponding models 
for radical (r) and nucleophilic (n) substitution differ 
from the one shown for. electrophilic (e) substitution by 
the one and two extra 7T-electrons respectively that are 
placed in the· lowest unoccupied molecular orbital, in this 
case an antibonding m. o. 
' 
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h' :a o.o ROOTS OF POLYNOMIAL E"'T( o( e) 
h - -1.0 -1.532 -0.347 1.000 1.897 -3-758 
-0.8 -1.543· -0.387 0.929 1.801 -3.860 
-0.6 -1.557 -0.434 0.852 1.738 -3.982 
-0.4 -1.573 -0.487 0.772 1.688 -4.120 
-0.2 -1.593 -0.549 0.693 1.649 -4.284 
o.o -1.618 -0.618 0.618 1.618 -4.472 
0.2 -1.649 -0.693 0.549 1.593 -4.684 
0.4 -1.688 -0.772 0.487 1.573 -4.920 
0.6 -1.738 -0.852 0.433 1.557 -5.180 
0.8 -1.801 -0.929 0.387 1.543 -5.460 
1.0 -1.879 -1.000 0.347 1.532 -5·758 
1.2 -1.973 -1.062 0.313 1.522 -6.070 
1.4 -2.084 -1.114 0.284 1.514 -6.396 
1.6 -2.209 -1.157 0.260 1.507 -6.732 
1.8 -2.347 -1.192 0.238 1.501 -7.078 
2.0 -2.496 -1.220 0.220 1.496 -7.432 
h' II: 0.20 
h = o.o -1.695 -0.645 0.590 1.550 
-4.680 
0.2 -1.726 -0.712 0.517 1.526 -4.876 
0.4 -1 .. 766 -0.?83 0.441 1.507 -5.098 
0.6 -1.815 -0.857 0.3?9 1.493 -5.344 
0.8 -1.875 -0.930 0.325 1.480 -5.610 
1.0 -1.949 -1.000 0.279 1.470 -5.898 
1.2 -2.038 -1.063 0.240 1.462 
-6.202 
1.4 -2.143 -1.118 0.207 1.454 
-6.522 
1.6 -2.261 -1.165 0.1?8 1.448 
-6.852 
1.8 -2.392 -1.204 0.154 1.443 
-7.192 
2.0 -2.535 -1.236 0.133 1.438 
-7-542 
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h' = 0.25 ROOTS OF POLYNOMIAL Err(o<.e) 
h' = o.o -1.716 -0.652 0.583 1.534 -4.736 
0.2 -1.747 -0.716 0.502 1.511 -4.926 
0.4 -1.786 -0.786 0.429 1.493 -,?.144 
0.6 -1.835 -0.858 0.365 1.478 -5.386 
0.8 -1.895 -0.931 0.309 1.466 -5.652 
1.0 -1.968 -1.000 0.262 1.456 -5-936 ° 
1.2 -2.056 -1.063 0.221 1.448 -6.238 
1.4 -2.158 -1.119 0.187 1.441 -6.554 
1.6 -2.275 -1.167 0.157 1.435 -6.884 
1.8 -2.405 -1.207 0.132 1.430 -7.224 
2.0 -2.546 -1.240 0.111 1.425 -7-572 
The AE7f values for Ql-substi tution in pyrrole are 
given in the following table: 
a a a b e 
AE7r(o(. e) AE7r (Dl r) AE1r (""-n) AE7r ( o( e) ~ETT" (a{ e) 
h • -1.0 1.708 2.709 3-708 -
-0.8 1.776 2.705 3-634 
-0.6 1.838 2.690 3-542 
~o.4 1.902 2.674 3.446. 
-0.2 1.956 2.649 3-342 
o.o 2.000 2.618 3.?:36 2.284 2.356 
0.2 2.034 2.583 3.132 2.324 
2.400 
0.4 2.060 2.547 3.034 2-352 
2.428 
0.6 2.076 2.509 2.942 2.374 
2.448 
0.8 2.082 2.469 2.856 2.386 
2.460 
1.0 2.084 2.431 2-778 2.390 
2.466 
1.2 2.080 2.393 2.706 2.386 
2.464 
1.4 2.072 2.356 2.640 2.380 
2.458 
1.6 2.060 2.320 2.580 2.370 
2.450 
1.8 2.050 2.288 ' 2.526 
2.360 2.436 
2.0 2.034 2.254 2.474 
2.344 2.422 
(a) h' = o.o; (b) h' = 0.2; (c) h' = 0.25. 
' 
': 
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(3) Wheland Intermediate for p -substitution in pyrrole 
yhf 
The secular determinant for the Wheland inter-
mediate for ~-substitution in pyrrole is written as fol-
lows: 
X+ h 1 0 1 
1 X + h 1 0 · o 
= 0 
0 0 X 1 
1 0 1 X + h' 
whence the polynomial equation becomes: 
x
4 
+ (h+2h')~+ (2hh'+h12-3)x2 +(hh' 2-5h'-h)x-(hh'-l)= 0 
The roots of this equation and the corresponding E"1f values 
are as follows: 
h' = o.o ROOTS OF POLYNOMIAL E7r ( ~ e) 
h c: 
-1.0 -1.356 -0.477 0.738 2.095 -3.666 
-0.8 -1.394 -0.505 0.717 1.982 -3-798 
-0.6 -1.439 -0.533 0.695 1.877 -3.944 
-0.4 -1.491 -0.561 0.671 1~781 -4.104 
-0.2 -1.550 -0.590 0.645 1.695 -4.280 
o.o -1.618 -0.618 0.618 1.618 -4.472 
0.2 -1.695 -0.645 0.590 1.550 .-4.680-
0.4 -1.781 -0.671 0.561 1.491 -4.904 
0.6 -1.877 . -0.695 0.533 1.439 -5.144 
0.8 -1.982 -0.717 0.505 1.394 -5-398 
1.0 -2.095 -0.?38 0.477 1.356 -5.666 
1.2 -2.217 -0.756 0.451 1.322 -5-946 
1.4 -2.347 -0.773 0.426 1.293 -6.240 
1.6 -2.483 -0.788 0.403 1.269 -6.542 ~ 1.8 -2.626 -0.802 o.381 1.247 -6. 856 2.0 -2.775 -0.814 0.360 1.228 -7.1?8 
-- - -··- ··-·- ·--------·- ··- - - - ------
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h' =- 0.2 ROOTS OF POLYNOMIAL E7r (~ e) 
h - o.o -1.721 -0.726 0.526 1.521 -4.894 
0.2 -1.793 -0.749 0.493 1.449 -5.081 
0.4 -1.874 -0.771 0.459 1.386 -5.290 
0.6 -1.964 -0.793 0.424 1.332' -5.514 
0.8 -2.063 -0.813 0.389 1.286 -5.752 
1.0 -2.170 -0.832 0.356 1.246 -6.004 
1.2 -2.286 -0.849 0.323 1.212 -6.270 
1.4 -2.410 -0.865 0.291 1.183 -6.550 
1.6 -2.541 -0.880 0.262 1.158 -6.842 
1.8 -2.678 -0.894 0.235 1.137 -7.144 
2.0 -2.822 -0.906 0.210 1.118 -7.456 
h' = 0.25 
h = o.o -1.748 -0.756 0.506 1.498 -5.008 
0.2 -1.819 -0.778 0.471 1.425 -5.194 
0.4 -1.898 -0.799 0.436 1.361 -5-394 
0.6 -1.987 -0~819 0.400 1.306 -5.612 
0.8 -2.083 -0.839 0.363 1.260 -5.844 
1.0 -2.190 -0.857 0.328 1.220 -~.094 
1.2 -2.304 -0.874 0.293 1.186 -6.356 
1.4 -2.426 -0.890 0.260 1.156 -6.632 
1.6 -2.556 -0.905 0.229 1.132 -6.922 
1.8 -2.692 -0.918 0.200 1.110 -7.220 
2.0 -2.835 -0.931 0.174 1.092 -7-532 
' 
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AEJr 
a a a 
<P e) AErr<P r)IJ.E7r(pnJ 
h a 1.0 1.800 2-538 3-276 
-0.8 1.838 2-555 3-272 
-0.6 1.876 2-571 3.266 
-0.4 1.918 2.589 3-260 
-0.2 1.960 2.605 3-250 
o.o 2.000 2.618 3-~36 
0.2 2.038 2.628 3-218 
0.4 2.076 2.637 3-198 
0.6 2.112 2.645 3-178 
0.8 2.144 2.649 3.154 
1.0 2.176 2.653 3·130 
1.2 2.204 2.655 3-106 
1.4 2.228 2.654 3.080 
1.6 2.250 2.653 3-056 
1.8 2.272 2.653 3-034 
2.0 2.288 2.648 3.008 
(a) h 1 = 0.00; (b) h' = 0.20; (c) h 1 
(4) 2-P.yrrolecarboxa1dehyde 
·ocjJ 
~ 'H 
b c 
AErr (~ e) ~E,. (If e) 
-
-
2.070 2.084 
2.116 2.132 
2.160 2.178 
2.20'+ 2.222 
2.244 2.268 
2.284 2.308 
2.318 2.346 
2.352 2.380 
2.380 2.412 
2.408 2.440 
2.430 2.462 
= 0.25. 
The secular determinant for 2-pyrro1ecarboxa1dehyde 
is written as follows: 
X+ h 1 0 0 1 0 0 
1 X + h 1 .1 0 0 0 0 
0 1 X 1 0 0 0 
• 0 
0 0 1 X 1 0 0 
1 0 0 1 x+h' 1 0 I 
0 0 0 0 1 X +1 1 
0 0 0 0 0 1 X + 1 
' 
----=-s=ati"3-:-~----------......, ... .,.,"~ 
The coefficients of xn for the resulting polynomial are 
tabulated below: 
coefficient 
• 1 
+ 1') 
+ 11' 
- 7 
2h' + h + (1 
h' 2 + 2hh' + 2h'(l + 1') + h(l + 1') 
hh' 2 + h 12(1 + 1 1 ) + 2hh' (1 + 1') + 
hll' - 9h' - 5h- 5 (1 + 1') - 1 -
2h 1ll' + 
. hh 12(1 . + 1') + h 1211' + 2hh'll'- 6h'(l + 1') 
n: X 
X? 
x6 
x5 
x4-
- 3h ( 1 + 1 1 ) - ?hh I - 2h I 2 - lh - lh I - ~· 
511' + 13 
hh' 211' - 2hh12 - 6h 1ll' - 4-hh'(l + 1 1 ) - hh 11 
-3hll'- h' 2(1 + 1') + 9h' + 6h + 31 + 5 x2 
(1 + 1') .+ 2 
-4hh'll' - hh12(1 + 1')- h 1211 1 + 2h' (1 + 1 1) 
+ h(].. + 1 1 ) + h •2 + 5hh I + 2h I ( 1 + 1 1 ) Xl 
+ .2lh + ·lh' + 511 1 + 2 (1 + 1')- 6 
hh12 + hh'l - hh 1211' + hll' + 2h'll' ~ 2h' + 
211' - h- 1 - 2 
• 
* The number 1 is denoted by 1 in this and subsequent 
e~uations where there is possibility of confusion between 
1 and the Coulomb inductive parameter, unstarred 1. . . 
The roots of the equation and the resulting E~values are as follows: 
ROOTS OF POLYNOMIAL 
h = 1.28; h' = 0.00; 1 ' · = o.oo E7J" (a1d) 
1 = o.oo -2.525 -1.316 -1.083 -0.439 0.765 1.465 1.853 -10.726 
1.00 -2.539 -1.698 -1.087 -0.708 0.492 1.445 1.816 -12.064 
2 .. 00 -2.643 -2.306 -1.089 -0.843 0.365 1.436 1.800 -13.612 
3.00 -3-342 -2.474 -1.091 -0.899 0.302 1.431 1.792 -15.612 
4.00 -4.252 -2.492 -1.092 -0.926 0.266 1.428 1.787 -17.524 
h = 1.28; h' = o.oo; 1' = 0.20 0: 
-4== 
1 = 1.00 -2.552 -1.754 -1.087 -0.712 0.410 1.430 1.785 -12.210 
2.00 
-2.673 -2.314 -1.090 -0.867 0.269 1.422 1,;772 -13.888 
3.00 
-3-363 -2.476 -1.092 -0.935 0.203 1.418 1.766 -15.732 
4.00 -4.264 -2.496 -1.094 -0.969 0.166 1.415 1.762 -17.646 
(5) Wheland intermediate for 3-substitution in 2-pyrrolecarboxaldehyde. 
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The secular determinant for the Wheland inter-
mediate corresponding to }-substitution in 2-pyrrolecarbox~ -·· 
aldehyde is written as follows: 
X+ h 1 0 0 1 0 
1 X + h' 1 0 0 0 
0 1 X 0 0 0 
1 0 0 X + h' 1 0 
0 0 0 1 X + 1' 1 
0 0 0 0 1 X+ 1 
The coefficients of xn for the resulting polynomial 
are tabulated below: 
coefficients 
1 ... 
2n' + h + (1 +1') 
h'2 + 2hh 1 + 2h'(l +1') + h(1 + 1') + 11
1 
-5 
hh'2 + h 12(1 + 1 1) + 2hh' (1+1') + 2h111 1 + h 
11' 
- 6h1 - 3h-3 (1 + 1 1) - 1 
hh12 (1 + 1') + h 1211' + 2hb. 111' - h 12 -4hh' -
1h - lh I - h(l + 1 1 ) - _3h I (1 + 1') - _311' + 6 
hh1211 1 - hh'2- hh'l- hh' (1 + 1') -3h'11' -
hll' + ,3h 1 + 2h + 21 + (1 + 1') 
.. 
-hh'11 1 + hh ' +h1 + 11 ' - 1 
xn 
6 x : 
x5 
x4 
x' 
x2 
• 
•• 
0 
- 86 -
The roots of the equation and the corresponding 
E 7T values are as follows: 
ROOTS OF POLYNOMIAL E 7r (3) 
h = 1.28; h' = o.oo; .1' = o.oo 
1 = o.oo -2~348 
-1.306 
-0.660 -0.264 1.180 1.569 
- 8.628 1.oo 
-2.365 -1.698 
-0.792 -0.052 1.114 1.513 
- 9.710 2.00 
-2.555 -2.221 
-0.873 -0.196 1.080 1.486 
-11.298 
3.00 
-3-336 -2.-305 
-0.913 -0.259 1.061 . 1.472 
-;1.3.:108 
4.00 
-4.250 
-2.317 
-0.935 -0.291 1.050 1.464 
-15.004 
h .• 1.28; h' = 0.00; 1' = 0.20 
1 a: 1.oo 
-2.380 
-1.753 -0.793 -0.092 1.070 1.468 
- 9.852 
2.00 
-2.592 -2.224 -0.889 -0.256 1.032 1.448 -11.410 
3.00 
-3-357 -2.307 -0.941 -0.324 1.012 1.438 -13.210 
4.00 
-4.263 -2.321 -0.970 -0.358 1.000 1.432 -15.108 
(6) Wheland intermediate for 4-substitution in 2-pyrrole-
carboxaldehyde 
The secular determinant for the Wheland intermediate 
c_orresponding to 4-substitution in 2-pyrrolecarboxaldehyde 
is written as follows: 
lx + h 1 0 1 0 0 
1 X + h 1 0 0 0 0 
0 0 X 1 0 0 • 0 
1 0 1 X + h 1 1 0 
0 0 0 1 X + 1 1 1 
0 0 0 0 1 X + 1 
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The c.oef:ficients o:f xn :for the 
resulting polynomial are 
tabulated below: 
coefficients 
• 
1 
2h' + h + (1 + 1 1 ) 
hI 2 + 2hh t + 2h t ( 1 + 1 I) + h (1 + 1 t) + 11 I- 5 
hh12 + h 12 (1 + 1') + 2hh' (1 + 1') + 2h'll 1 + 
hll L 6h 1 - 3h - 3( 1 + 1 1) - 1 
hh' 2(1 + 1 1) + h 12111 + 211'hh1 - h 12-4hh' - lh1 
. -lh - 3h t ( 1 + 1 t) -h ( 1 + 1 I) - 311 I + 5 
- I 3 
X 
11 1hh' - hh12 + lhh 1 - hh1 (1 + 1')- ll1h- 3ll 1h 1 
x.1 
+ 3h 1 + h + (1 + 1') + 1 
• 
-11 1hh' + hh1 + 11 1 - 1 x0 
The roots o:f the equation and the corresponding 
E ~values are as :follows: 
ROOTS OF POLYNOMIAL 
h = 1.28; h' = 0.00; 1' = o.oo E7f(4) 
1 = o.oo 
-2.385 -1.302 -0.561 +0.419 0.768 1.781 -8.496 
1.00 -2.408 -1.668 -0.811 +0.314 0.566 1.726 -9.774 
2.00 -2.589 -2.204 -0.925 +0.213 0.523 1.703 -11.436 
3.00 -3.340 -2.324 -0.969 +0.154 0.510 1.690 -13.266 
4.00 -4.251 -2.342 -0.992 +0.119 0.504 1.681 -15.170 
. h = 1.28; h' = 0.00; 1' = 0.20 
1 = 1 •. oo -2.427 -1.718 -0.812 0.265 0.531 1.681 - 9.914 
2.00 -2.626 -2.207 -0.941 0.132 0.502 1.660 -11.548 
3.00 -3.362 -2.327 -0.997 0.063 0.494 1.64.9 -13.372 
4.00 ~4.264 -2.34-8 -1.025 0.024 0.490 1.642 -15.274 , 
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(7) Whe1and intermediate for 5-substitution in 2-
pyrro1ecarboxaldehyde 
H 
~0 
'H 
The secular determinant for the Wheland inter-
mediate corresponding to 5-substitution in 2-pyrro1e-
carboxaldehyde is written as follows: 
X + h 0 0 1 0 0 
0 X 1 0 0 0 
0 1 X 1 0 0 = 0 
1 0 1 X + h' 1 0 
e 0 0 1 X + 1' 1 
0 0 0 0 1 X + 1 
The coefficients of n X for the resul ti_ng polynomial 
tabulated below: 
coefficients 
(1 + 1 1 ) + h + h 1 
hh 1 + h 1 (1 + 1 1 ) + h(1 + 1 1 ) + 11 1 5 
• 
1 
hh 1 (1 + 1') + 11 1h 1 + 11'h- 3 (1 + 1') 
4h .- 1 
2h 1 -
hh I 111 - hI ( 1 + 1 I ) - 2 h ( 1 + 1 1 ) - 2hh I -
311 1 - hl + 5 
-hh' (1 + 1') - 2 1l'h- ll 1h' + 3h + h' + 1 + 
(1 + 1 1 ) 
• 
-hh 111 1 + hh 1 + hl + 11' - 1 
are 
~ 
I 
_ _ _.,._•=·-=-"=·~o;x· .~;;:1· .r ..~.:saJiiZr-""'"""'·~· - -- -· · -··· · · - · 
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The roots of the equation and the corresponding E'1T values 
are as follows: 
ROOTS OF POLYNOMIAL 
h = 1.28; h' = 0.00; 1' = o.oo E7T (5) 
1 = o.oo -2.211 -1.133 -1.000 0.216 1.000 1.849 -8.688 
1.00 -2.258 -1.543 -1.083 -0.048 0.844 1.808 
-9-768 
2.00 
-2.557 -2.012 -1.089 -0.198 0.785 1.791 -11.316 
3.00 
-3-340 -2.115 -1.090 -0.273 0.757 1.782 -13.090 
4.00 -4.251 -2.138 -1.092 -Oe316 0.741 1.776 -14.962 
h = 1.28; h' = 0.00; 1~ = 0.20 
1 = 1.00 -2.290 -1.578 -1.083 -0.088 0.785 1.774 -9.902 
2.00 -2.590 -2.012 -1.089 -0.269 0.728 1.759 -11.382 
3.00 -3•361 -2.121 -1.092 -0.359 0.702 1.751 -13.148 
4.00 -4.264 -2.148 -1.093 -0.409 0.688 1.746 -15.010 
(8) Localization energies for electrophilic substit-
ution of 2-pyrrolecarboxaldehyde. 
.6ETT'(3) AE.,. (4) 6E7r (5) 
h = 1.28; h' = o.oo; 1' = o.oo 
1 = o.oo -2•098 -2.230 -2.038 
1.00 -2.354 -2.290 -2.296 
2.00 -2.464 -2.326 -2.446 
3.00 -2.504 -2o346 -2-522 
4.00 ·-2. 520 -2.354 -2.562 
h = 1.28; h' = 0.00; 1' = o.oo 
1 1.00 -2.358 .;.2.296 -2.308 = 
2.00 -2.478 -2.340 -2.506 
3.00 -2.522 -2.360 -2.584 
4.00i -2.538 -2.372 -2.636 
• ,;- ' 
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